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The aim of this series of study was to investigate the behavior of the 
myrosinase system together with other physiochemical characters, such as total 
anti-oxidant capacity and chlorophyll concentration, in commonly eaten 
Brassica vegetables in Asia during a broad range of pre- and post-harvest 
treatments varying in temperature, irrigation and fertilizer. Experimental 
materials were either purchased from local market or planted in the green house 
of the Department in NUS. 
Analyses of temperature optimum and pH dependence of myrosinase were 
carried out on the Chinese flowering cabbage. Using sinigrin as the substrate, the 
optimum condition for myrosinase assay in Chinese flowering cabbage and 
Chinese kale was found to be 35~40°C and pH 6~6.5.  
The following parameters, chlorophyll concentration and chlorophyll 
fluorescence parameters, total anti-oxidant capacity, myrosinase activity and 
total soluble protein concentration, were totally different in six commonly edible 
Brassica vegetables consumed by Asian people. 
Post harvest storage at cooler temperatures could efficiently delay the 
symptoms of senescence (in terms of chlorophyll concentration, total 
anti-oxidant capacity and myrosinase activity) in both Chinese flowering 
cabbage and Chinese kale. 
 x
Nitrogen concentration in the fertilizer did not affect chlorophyll 
concentration, total anti-oxidant capacity or myrosinase activity in seedlings of 
Chinese flowering cabbage. In the Chinese flowering cabbage seedlings, both 
total chlorophyll concentration and total carotenoid concentration were much 
higher in leaves than those of stem and roots of Chinese flowering cabbage 
under all treatments studied. Leaves also had the highest anti-oxidant capacity 
while roots had the lowest total anti-oxidant capacity in Chinese flowering 
cabbage watered with various fertilizers containing different nitrogen 
concentration. Total myrosinase activity was similar in the leaves and stems, but 
lower in the roots during the developmental stages of plants watered with 
various fertilizers. 
Chinese flowering cabbage cultivated in small pots grew much better than 
those grown in GA7™ container with the different nutritient solutions. The 
results obtained showed that chlorophyll concentration, total anti-oxidant 
capacity and myrosinase activity were highly dependent on the different organs 
but did not have much correlation with the developmental stage of mature 
Chinese flowering cabbage.  
Drought stress had great effects on chlorophyll concentration, total 
anti-oxidant capacity, especially myrosinase activity (both total and specific 
activity) in Chinese flowering cabbages. Myrosinase activities decreased rapidly 
when the plants suffered from severe drought treatment. However, the results 
obtained showed that drought did not affect total soluble protein concentation of 
Chinese flowering cabbage. 
Even within the same species, anti-oxidant capacity, myrosinase activities 
could be still quite different in the different cultivars of the same plant species. 
 xi
All the cultivars of Chinese flowering cabbages tested in this study exhibited 
myrosinase activity and anti-oxidant capacity. Thus the consumption of Brassica 


























CHAPTER I. INTRODUCTION 
──────────────────────────────── 
 
The cruciferous vegetables include broccoli, cabbage, Brussels sprouts, 
cauliflower, mustard greens, collard greens, turnips, and kale. These vegetables 
are the most commonly edible food for Asians.  
Besides their appetizing flavor, cruciferous vegetables are rich in many 
nutrients as well. The most amazing property of Brassica vegetables is that they 
contribute almost exclusively to our intake of a group of phytochemicals called 
glucosinolates, which are beneficial for human health. When raw cruciferous 
vegetables are chewed, the plant cells are broken and myrosinase [EC 3.2.3.1] is 
released to hydrolyze the glucosinolates (Fenwick et al., 1994). The role of the 
myrosinase-mediated breakdown products of glucosinolates in reducing various 
types of cancers in human and animal cell models, and in plant defense against 
pest attack have also been widely studied (Rask et al., 2000). 
Much attention has been given to the study of glucosinolates but few to 
myrosinase (EC 3.2.3.1), the -thioglucosidase enzyme responsible for the 
hydrolysis of the intact glucosinolates. The potential of some intrinsic and 
extrinsic factors for controlling/altering activity of myrosinase from cruciferous 
vegetables was investigated in this project. The changes in chlorophyll 
concentration, chlorophyll fluorescence parameters, and total anti-oxidant 
capacity of these vegetables under different environment and/or treatment were 
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also determined. 
The project was divided into the following parts: 
1. To investigate the effects of temperature and pH value on the myrosinase 
activity of Chinese flowering cabbage and Chinese kale. 
2. To investigate and compare the following parameters of six commonly 
edible Brassica vegetables: chlorophyll concentration and chlorophyll 
fluorescence parameters, total anti-oxidant capacity, myrosinase activity 
and total soluble protein concentration. 
3. To determine the effects of post harvest storage on chlorophyll 
concentration and chlorophyll fluorescence parameters, total anti-oxidant 
capacity and myrosinase activity in plants of Chinese flowering cabbage 
and Chinese kale. 
4. To study the effects of different nitrogen concentrations on chlorophyll 
concentration, total anti-oxidant capacity and myrosinase activity in the 
seedlings of Chinese flowering cabbage 
5. To investigate the effects of plant age on chlorophyll concentration, total 
anti-oxidant capacity and myrosinase activity in different plant organs of 
mature plants of Chinese flowering cabbage. 
6. To study the changes of chlorophyll concentration, total anti-oxidant 
capacity and myrosinase activity in plants of Chinese flowering cabbage 
under drought stress. 
7. To determine the total anti-oxidant capacity and myrosinase activity of 
different varieties of Chinese flowering cabbage  






CHAPTER II. LITERATURE REVIEW 
──────────────────────────────── 
 
2.1. Brassica vegetables 
Plants belonging to the mustard family or Brassicaceae are widely known 
as cruciferous vegetables. It is one of the healthiest and most nutritious 
vegetable groups (Higdon, 2005).  
All true cabbages belong to the Brassica genus, a group within the 
Cruciferae or Brassicaceae (mustard) family, comprising about 30 species of 
annual, biennial and occasionally perennial herbs with yellow or white flowers 
(Higdon, 2005). The members of this genus may be collectively known either as 
cabbages, or as mustards. The name crucifer comes from the shape of the 
flowers, with four diagonally opposite petals in the form of a cross (Higdon, 
2005). Occurring in the wild in Western Europe, the Mediterranean and 
temperate regions of Asia, this remarkable genus contains more important 
agricultural and horticultural crops than any other genus. Species of Brassica are 
also grown as vegetables, fodder or sources of oils and condiments. Almost all 
parts of these plants may have been developed for food - roots (e.g. swedes, 
turnips), stems (e.g. kohlrabi), leaves (e.g. cabbage, Brussels sprouts), flowers 
(e.g. cauliflower, broccoli), and seeds (including mustard seed and oilseed rape). 
Some forms with white or purple foliages or flowerheads are also grown for 
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ornamental purposes. Over the years, the utilization of oilseed Brassica is 
steadily increasing (Sovero, 1993). 
Widely consumed Brassica vegetables include cabbage (Capitata Group of 
Brassica oleracea), broccoli (Italica Group of B. oleracea), cauliflower (Botrytis 
Group of B. oleracea), collard greens (Acephala Group of B. oleracea), kohlrabi 
(Gongylodes Group of B. oleracea), Brussels sprouts (Gemmifera Group of B. 
oleracea), Chinese kale or Chinese broccoli (Alboglabra Group of B. oleracea), 
broccolini (Italica x Alboglabra Group of B. oleracea), and broccoflower (Italica 
x Botrytis Group of B. oleracea). These plants are classified by the arrangement 
of their parts (Gomez-Campo, 1999). If the leaves are tightly folded to form a 
ball, it is head cabbage. Kale and collards have leaves that are loose and open. 
Plants that resemble miniature heads are called Brussels sprouts. Chinese 
cabbage, also called Napa, is light green or white and looks a lot like Romaine 
lettuce. Bok choy is a vegetable that looks more like thick, white celery with 
leaves, but it is still a cabbage. Even stranger is kohlrabi, which looks like a 
turnip but is still part of the family as cabbages (Gomez-Campo, 1999).  
Brassica vegetables have been cultivated for several thousands of years. 
Most Brassica vegetables are good sources of oil that may be used for edible and 
industrial purposes. Due to their agricultural importance, Brassica plants have 
been the subject of much scientific interest. All of these cultivars are jampacked 
with nutrients (Ensminger & Esminger, 1986). Brassica vegetables also 
contribute almost exclusively to our intake of a very powerful group of 
phytochemicals called glucosinolates, which can have important implications for 
human health. The glucosinolates are largely responsible for the taste and smell 
of cruciferous vegetables and are important anti-cancer agents. The active 
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compounds are not the glucosinolates themselves but their hydrolysis products, 
isothiocyanates (Bones, 1990). It has been shown that an extract of cruciferous 
vegetables added to human breast cancer cells strongly inhibits growth of the 
cells, and the degree of inhibition is related to the amount of extract in the 
growth medium (Finley, 2003; Verhoeven et al., 1996; Willcox et al., 2003). 
Another unique feature of plants in the crucifer family, such as broccoli, is that 
they are an excellent source of three notable anti-oxidants: vitamin E, vitamin C 
and vitamin A (through their concentration of beta-carotene) (Finley, 2003). 
These three vitamins team up to scavenge free radicals, which are excessively 
interactive molecules that not only cause damage to the molecules with which 
they interact, and are also linked to a host of different diseases and health 
conditions. These particular antioxidant vitamins have been proven to improve 
immune functions and are widely sold as nutritional supplements. The 
cruciferous vegetables are also known to be beneficial in the prevention of other 
major illnesses such as Alzheimer’s disease, cataracts, and some of the 
functional declines associated with ageing such as age-related eye diseases 
(Granado et al., 2003). Their added value towards vegetable quality can be 
ascribed to their health promoting properties by a role in the prevention of 
various cancers.  
Cabbage, Chinese kale and other Brassica vegetables have a unique sharp 
taste. This taste is partly due to isothiocyanates arising from the action of the 
enzyme, myrosinase, on glucosinolates conjugates. Glucosinolates are 
precursors of isothiocyanates. When the raw vegetables are chewed, the plant 
cells are broken and myrosinase is released to hydrolyze the glucosinolates into 
isothiocyanates (Fenwick et al., 1994). In a variety of animal models, these 
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isothiocyanates have been observed to inhibit chemically induced cancers 
(Cinciripini et al., 1997; Hecht, 2000; London et al., 2000). The mechanism 
involves the inhibition of the so-called Phase I enzymes. Phase I enzymes 
normally prepare foreign molecules for detoxification and excretion, but 
sometimes they also generate highly reactive intermediates capable of far more 
damage than the original substrates (Baghurst et al., 1999).  
 
2.2. Glucosinolates 
Plants produce a high diversity of secondary metabolites for defense and 
survival in the ecosystem. More than 100,000 secondary metabolites have been 
identified in different plants till now (Wink, 1988). Secondary metabolites are 
sought after because they are known to exhibit numerous biological activities 
that promote positive health effects. These activities include antibacterial, 
anticancer, antifungal, and antioxidant activities that are utilized in the 
agricultural, food and pharmaceutical industries (Wink, 1999). Several large 
groups of secondary metabolites, such as iridoid glycosides, cardenolides, 
terpenoids, and cyanogenic glycosides, have been implicated in plant defense 
systems (Wink, 1999). The glucosinolates found in mustards (and a few other 
families) are also thought to serve this defensive function.  
Glucosinolates, also known as mustard oil glycosides, are oxime-derived 
sulfur-containing compounds whose breakdown products include the familiar 
pungent principles of mustard, radish, and capers (Fenwick et al., 1994). The 
compounds are a class of secondary compounds related to cyanogenic 
glucosides, which are present in more than 90 forms in cruciferous species but 
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are mainly present in the order Capparales (Rodman et al., 1993; Rodman et al., 
1998). Glucosinolates have been studied most extensively in the Brassicaceae, 
since many oilseed and vegetable crops belong to this family. 
Since glucosinolates were first isolated from Sinapis alba seeds as early as 
in 1831 by Robiquet and Boutron, over 120 additional glucosinolates have been 
identified (Fahey et al., 2001). Glucosinolates are especially abundant among 
families of the order Capparales: Tovariaceae, Resedaceae, Capparaceae, 
Moringaceae, and Brassicaceae. Families outside the order exhibit occasional 
occurrence and include the Caricaceae, Euphorbiaceae, Gyrotemonaceae, 
Limnathaceae, Salvadoraceae and Tropaeolaceae families (Fahey et al., 2001).  
The basic structure of glucosinolates was elucidated by Ettlinger and 
Lundeen in 1956 (Bones & Rossiter, 1996). The glucosinolates share a core 
structure containing a β-D-glucopyranose residue linked via a sulfur atom to a 
(Z)-N-hydroximino sulfate ester, and are distinguished from each other by a 
variable R group, derived from one of several amino acids (Fahey et al., 2001). 
Depending on whether they are derived from aliphatic amino acids (most 
commonly methionine), phenylalanine or tyrosine, or tryptophan, glucosinolates 
are grouped into three categories, aliphatic, aromatic, or indolyl (heterocyclic) 
glucosinolates respectively (Halkier & Du, 1997).  
The biosynthesis of glucosinolates comprises three independent stages:  
First, some amino acids, such as methionine and phenylalanine, are elongated by 
one or several methylene groups. Second, the precursor amino acids are 
converted to the parent glucosinolates. And, finally, the parent glucosinolates 
can undergo secondary modifications (Wittstock & Halkier, 2002). 
Glucosinolates have always been documented as feeding stimulants, 
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attractants, or oviposition cues for beetles, butterflies, moths, and aphids (Louda 
& Mole, 1991; Schooven et. al., 1998). Both intact glucosinolates and their 
hydrolysis products are responsible for the pungent and hot flavors characteristic 
of mustard seeds. The toxic and anti-nutritive effects of glucosinolates have 
limited the use of Brassica species for human and animal feed (Sørensen, 1990). 
Reducing or removing glucosinolates from rape tissues may reduce predation by 
specialists, but leave the plants open to increased attack from many other 
organisms (Glen et al., 1990). So, it is important to fully understand the structure 
and function of glucosinolates so that appropriate glucosinolates profiles can be 
bred or engineered into the crop. 
 
2.2.1. Composition and level of glucosinolates 
In previous studies, the composition and the level of glucosinolates have 
been found to vary widely both between different species and between different 
developmental stages, as well as tissues within a given plant species (Fieldsend 
& Mildford, 1994a & b; Koroleva et al., 2000; Li et al., 2002; Porter et al., 
1991).  
Petersen et al. (2002) studied the composition and content of 
glucosinolates at different stages of plant growth in Arabidopsis thaliana. They 
determined the concentration and turnover of 20 different glucosinolates from 
seed to seedling stage and found tissue-specific variation in the type and amount 
of glucosinolates present. In comparing the glucosinolates composition of 
different organs, they found that seeds and fruits had the highest diversity of 
individual compounds, which might also reflect the need to maximize the 
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defensive potential of these reproductive organs. This trend was observed in 
Brassica species as well (Kirkegaard & Sarwar, 1998; Rosa, 1997). All of these 
observations suggest that glucosinolates in seeds are especially important for 
successful germination, possibly acting to prevent pathogen infection or 
herbivory at this crucial stage, or as allelopathic compounds (Choesin & Boerner, 
1991; Siemens et. al., 2002). During the ensuing rapid growth period, additional 
glucosinolates accumulate (Clossais-Besnard & Larher, 1991). However, the 
concentration of glucosinolates in fully-expanded leaves is low (Porter et al., 
1991). During flowering, there is a reduction in glucosinolates concentration in 
the vegetative parts of the plant, and also in the inflorescence which contains 
relatively large amounts of glucosinolates. In contrast, during seed maturation 
glucosinolates are synthesized in large amounts in the siliques and probably are 
transported from the pod shells to the seeds (Clossais-Besnard & Larher, 1991). 
During this period, glucosinolates also accumulate at low levels in the root 
(Clossais-Besnard & Larher, 1991).  
Glucosinolates levels in plants can also be affected by environmental 
conditions. Drought will induce glucosinolates accumulation in cultivated 
Brassica (Bouchereau et al., 1996; Jensen et al., 1996) and in wild Capparales 
(Louda & Mole, 1991), a phenomenon that has also been found for other 
secondary metabolites. However, increased levels of glucosinolates have also 
been observed in plants which grow in moist soil, compared to those grown in 
dry soil (Louda & Mole, 1991). Thus, no consistent relationship between 
glucosinolates concentration and their water availability to the growing place of 
plants has been demonstrated.  
Shelp et al. (1993) evaluated glucosinolates distribution in two broccoli 
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cultivars of Brassica oleracea var. Italica grown at three different growing sites. 
They reported that differences in glucosinolates levels among growing sites were 
greater than differences between cultivars. Other studies showed that factors that 
might have contributed to these differences included soil type, sulfate and nitrate 
fertilizer application, plant spacing, and date of harvest (Griffiths et al., 1991; 
Heaney & Fenwick, 1980; Rosa et al., 1996). Higher levels of glucosinolates 
were found in plants grown on clay soil than on sandy soil and in plants treated 
with sulfate than in plants treated with nitrate (Heaney & Fenwick, 1980). In a 
study on Brassica napus, it was reported that higher nitrogen application 
increased the proportion of progoitrin at the expense of sinigrin (Zhao et al., 
1994).  
Glucosinolates types in plant species are highly variable. For example, the 
main glucosinolates in radish seeds (Raphanus sativus) is 4-methylsulphinyl- 
3-butenyl glucosinolate, while it is propenyl glucosinolate in mustard seeds 
(Brassica juncea). Cabbage seeds (Brassica oleracea) contain mainly propenyl 
and 2-hydroxy-3-butenyl glucosinolate; rapeseeds (Brassica napus) contain four 
major glucosinolates: 2-hydroxy-3-butenyl, 3-butenyl, 4-pentenyl, and 
2-hydroxy-4-pentenyl (Sang et al., 1984). Similar differences in glucosinolate 
types are observed when comparing vegetative plant parts (Hill et al. 1987). 
Most plant species are believed to contain only a limited number of major 
glucosinolates (usually six or less) with a few others present in trace amounts. 
However, as many as thirty-four glucosinolates have been found in Arabidopsis 
thaliana (Kliebenstein et. al., 2001a). Kliebenstein et al. (2002) studied 
glucosinolates profiles in thirty-nine different ecotypes and analyzed them with 
respect to the number of loci involved in glucosinolates regulation. They found 
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that polymorphism at only five loci were sufficient to generate fourteen 
qualitatively different leaf glucosinolates profiles. The fact that such a small set 
of polymorphic loci could generate a modular alteration in glucosinolates profile 
suggested that this defensive system might be built to respond rapidly to changes 
in herbivory or other selective pressures (Kliebenstein et al., 2001b).  
 
2.2.2. Products of glucosinolates hydrolysis 
Upon tissue disruption, for example by herbivores, glucosinolates are 
degraded in a reaction catalyzed by myrosinases, yielding toxic isothiocyanates, 
nitriles or other products via the unstable thiohydroximate-O-sulphonates 
(Halkier 1999; Rask et al., 2000). The chemical structures of the hydrolysis 
products of glucosinolates vary depending on the precursors in different plant 
species, and different endogenous or exogenous factors such as pH values and 
the concentration of ferrous ions (Chew, 1988; Duncon, 1991; Larsen, 1991). 
The presence or absence of protein factors such as epithiospecifier proteins also 
accounts for some of the variations in the hydrolysis products (Wittstock & 
Halkier, 2002).  
The hydrolysis products are responsible for the characteristic flavor of 
Brassicaceous vegetables. As mentioned before, these hydrolysis products have 
different biological effects, ranging from antimicrobial and cancer-preventing 
to inflammatory and goitrogenic activities, and thus Brassicaceous vegetables 
consumed by higher animals and humans have toxic as well as protective 
properties (Mithen et al., 2000; Poppel et al., 1999). 
Glucosinolates and their breakdown products have been the focus of many 
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studies because of the possibility of using them as natural pesticides (Tsao et al., 
1996). However, it is considered that glucosinolates themselves have limited 
biological activity until they are hydrolyzed (Borek et al., 1994). The 
breakdown products are generally relatively small molecules which make many 
of them volatile. In addition, glucosinolates are used as flavoring compounds 




As mentioned before, myrosinases (EC 3.2.3.1) are β-thioglucosidases 
involved in the hydrolysis of the very stable water-soluble glucosinolates. A 
glucose and sulfate are released in the reaction in addition to nitrile, 
isothiocyanate, thiocyanate, epithionitrile, oxazolidine-2-thione, or other less 
prevalent products. Myrosinase activity has been detected in all glucosinolates 
containing plants and tissues that have been investigated, and it is likely that 
myrosinases occur in all plants which produce glucosinolates (Al-Turkib & 
Dick, 2003). 
Myrosinases belong to the group of O-Glycosyl hydrolases which 
constitute a large hydrolytic superfamily. Glycosidases have been divided into 
different families (Henrissat, 1991). These families can often also be grouped 
into clans (Henrissat & Bairoch, 1996). The number of families is, at present, 
70 and a glycosidase database is continuously updated on the ExPASy server at 
http://expasy.ch/cgi-bin/lists?glycosid.txt. The organization of glycosidases into 
families is based on amino acid sequence similarities. Although it is a 
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thioglucosidase, myrosinase has been included in the O-glucosidases and has 
been assigned to family 1 (and clan GH-A) together with prokaryotic and 
eukaryotic O-β-glucosidases, 6-phospho-β-glucosidases, 6-phospho-β- 
galactosidases, β-galactosidases and lactase/phlorizin hydrolase (Rask et al., 
2000). 
Myrosinase is not properly identified as a single enzyme, but rather as a 
family or group of similar-acting enzymes. Multiple forms of the enzymes exist, 
both among species and within a single plant (Bones & Slupphaug, 1989; Falk 
et al., 1992&1995a; Lenman et al., 1990&1993a; Xue et al., 1995), and all 
perform a similar function (Björkman, 1976). Although their genetic sequences 
are similar to other β-glycosidases (Lenman et al., 1993b), myrosinases are 
fairly specific toward glucosinolates (Durham & Poulton, 1990). These 
enzymes cleave the sulfur-glucose bond regardless of either the enzyme or 
substrate source. However, the particular enzyme and glucosinolates substrate 
influence reaction kinetics (Bones, 1990; MacLeod & Rossiter, 1986).  
In addition to plants, myrosinases have been discovered in the plant 
bacterium, Enterobacter cloacae, in the fungus, Aspergillus sydowi and 
Aspergillus niger, in the intestinal bacteria Enterobacter cloacae and 
Paracolobactrum aerogenoides, in mammalian tissues and in the cruciferous 
aphids Brevicoryne brassicae and Lipaphis erisimi (Bones & Rossiter, 1996; 
MacLeod & Rossiter, 1986). Myrosinase-like activity has also been observed in 





2.3.1. Occurrence of myrosinases  
Myrosinase and glucosinolates were first discovered in black mustard 
seeds (Brassica nigra [L.] Koch) by Bussy as early as 1840. The myrosinases 
always appear to be accompanied by one or more glucosinolates (Bones & 
Rossiter, 1996). They occur in all species of Brassicaceae (Cruciferae) 
examined and have also been found in Akaniaceae, Bataceae, 
Bretschneideraceae, Capparaceae, Caricaceae, Drypetes (Euphorbiaceae), 
Gyrostemonaceae, Limnanthaceae, Moringaceae, Pentadiplantdraceae, 
Resedaceae, Salvodoraceae, Tovariaceae, Tropaeolaceae (Rodman, 1991).  
The level of myrosinase activity found in seeds from cultivars of S. alba, B. 
campestris and B. napus has been examined by Bjørkman & Lønnerdal in 1973, 
Bones in 1990 and Henderson & McEwen in 1972 (Bones & Rossiter, 1996). 
The myrosinase activity was found to be about ten times higher in S. alba than 
in B. campestris, and the myrosinase activity in B. napus was slightly higher 
than that in B. campestris (Bones, 1990).  
 
2.3.2. Factors affecting myrosinase activity 
Ludikhuyze et al. (2000) summarized the potential of some intrinsic 
(MgCl2, ascorbic acid, pH) and extrinsic (temperature, pressure) factors that 
could control or alter the activity of myrosinase from broccoli. A combination of 
MgCl2 and ascorbic acid was found to enhance enzyme activity. Concentrations 
resulting in optimal activity were determined as 0.1 g L-1 of MgCl2 and 2 g L-1 of 
ascorbic acid (Ludikhuyze et al., 2000). Whether the enzyme activators are 
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present or not, the optimal pH of myrosinase activity was observed to be 
between 6.5 and 7.0, corresponding to the natural pH of fresh broccoli juice 
(Ludikhuyze et al., 2000). At atmospheric pressure, the enzyme was optimaly 
active at a temperature about 30°C (Ludikhuyze et al., 2000). Application of low 
pressure (50 to 100 MPa) slightly enhanced the activity of myrosinase while at 
higher pressure (300 MPa) myrosinase activity was largely reduced (Ludikhuyze 
et al., 2000). Bones & Slupphaug (1989) observerd that high concentrations of 
ascorbic acid could inhibit myrosinase activity and low concentrations of 
ascorbic acid could activate the activity. However, only L-ascorbic acid could 
activate plant myrosinase, whereas ascorbic acid analogs did not (Ohtsuru & 
Hata, 1979). Ohtsuru & Hata (1979) also found that the optimal ascorbic acid 
concentration for myrosinase from Armoracia rusticana was 1.8 mM.  
 
2.3.3. The myrosin cell 
The term “myrosin cell” was first used by Guignard in 1890 and it has later 
been used to describe this special type of cell, which was discovered by 
Heinricher in 1884 and assumed to contain myrosinase (Bones & Rossiter, 
1996). These myrosin cells showed deviant histochemical staining 
characteristics and differed both in size and morphology from adjacent cells 
(Bones & Iversen, 1985). They were later shown to stain specifically with 
several different reagents. These cells have been referred to as 
protein-accumulating idioblasts, “myrosin tubes”, and later “myrosin cells” 
(Bones & Iversen, 1985). 
The importance of myrosin cells as a taxonomic tool has been generally 
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accepted. Jørgensen (1981) used the occurrence and the distribution of myrosin 
cells as two of several criteria for the classification of the order Capparales. As a 
consequence of the taxonomic investigations, some information about the 
occurrence and the distribution of myrosin cells was generated. Myrosin cells 
were observed in seeds, parenchymatic tissues, epidermis and in some guard 
cells (Bones, 1991; Bones & Iversen, 1985). Double-staining employing 
reagents such as “Millon’s reagent” and antibodies against myrosinase showed 
that myrosin cells contained myrosinase (Höglund et al., 1991; Thangstad et al., 
1990). It was later shown by in situ hybridization experiments that myrosinase 
transcripts were present in these cells and that they presumably synthesized the 
enzyme (Falk et al., 1995b; Lenman, 1993a; Xue et al., 1995). 
The morphology of myrosin cells varies and depends on the plant organ 
and tissue in which they are present, as well as the age of the tissue (Bones & 
Iversen, 1985). In cotyledons of S. alba and Raphanus sativus, two 
morphologically distinct types of myrosin cells were observed. In the palisade 
tissue of these cotyledons in S. alba and Raphanus sativus, elongated myrosin 
cells were frequently observed. In the parenchyma tissue both elongated and 
isodiametric cells were observed (Bones & Iversen, 1985). In roots and 
hypocotyls myrosin cells were generally found in the elongated form in 
longitudinal sections (Bones & Iversen, 1985). Compared to normal cortical 
cells they were 1-6 times the size of surrounding cells.  
The main organelles in the myrosin cells are the spherical myrosin grains 
containing homogeneous electron-dense material (Bones, 1990). The grain size 
varies from 2.5 to 10μm and they are interspersed with oleosomes. During the 
differentiation of the myrosin cells, the myrosin grains seem to fuse. Indeed, 
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confocal immunofluorescence microscopy using a monoclonal antibody against 
myrosinase showed that the grains in myrosin cells from embryo cotyledons of 
B. napus were continuous, forming a trabecular network in the cell (Thangstad 
et al., 2001). As shown by Bones et al. (1991), myrosin cells in B. napus do 
undergo considerable developmental changes during the first 14 days after 
germination. This seems to include a dramatic change of the compartmentation 
of the enzyme and substrate due to a reorganization of the protein 
bodies/vacuoles (Bones et al., 1991).  
 
2.3.4. Cellular and subcellular localization of myrosinase 
The first attempt to localize myrosinase at the cellular level was reported 
by Guignard in 1890. Since then many attempts, using different techniques, 
have been performed but with strikingly different results (Lüthy & Matile, 
1984).  
The first localization of myrosinase based on a cytochemical method was 
reported by Peche in 1913 (Bones & Rossiter, 1996). The method employed was 
based on the enzymatic hydrolysis of the substrate sinigrin, which produced 
sulphate in situ on fresh sections of Raphanus sativus. By including barium 
chloride in the substrate, a precipitate of insoluble barium sulphate was 
deposited on the site of the enzyme reaction (Andréasson et al., 2001). This 
cytochemical method showed that myrosinase could be localized in myrosin 
cells. 
In 1970 Iversen concluded that most of the myrosinase activity was 
confined to the dilated cisternae of the endoplasmic reticulum and in a limited 
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extent to the mitochondria (Bones & Rossiter, 1996). Using the same 
cytochemical technique, Maheswari et al. concluded in 1981 that myrosinase 
was largely associated with the plasmalemma of most cells (Bones & Rossiter, 
1996). Lüthy and Matile (1984), using subcellular fractionation, suggested that 
most of the myrosinase activity was associated with the tonoplast, plasmalemma 
and endoplasmic reticulum, and that although myrosinase was present in the 
cytosol it had a remarkable tendency to adhere to membrane surfaces. Matile 
suggested in 1980 that myrosinase was a cytosolic enzyme, while the 
glucosinolates were compartmentalized in the vacuoles (Bones & Rossiter, 
1996). Pihakaski and Iversen concluded in 1976 that the myrosinase activity 
was mainly found in dictyosomes and smooth endoplasmic reticulum (Bones & 
Rossiter, 1996). 
Immunocytochemical studies of Höglund et al. (1991) on B. napus tissues 
using a monoclonal antibody against myrosinase showed that the enzyme was 
only present in a small number of cells. In seedling cotyledons and young leaves, 
myrosinases were mainly present in some guard cells as well as in scattered 
cells in the parenchyma (Höglund et al., 1991). In addition, young leaves 
contained anti-myrosinase reactive antibody cells in the vascular tissue close to 
the phloem. In the stem, a major location for the enzyme was the xylem cells, 
and in the root myrosinase-containing cells were mainly located in the cortex 
region. In petals, siliques and older leaves, myrosinases were located in 
scattered parenchymal cells and in the vascular tissue (Höglund et al., 1991). 
The fact that myrosinase was expressed in guard cells in certain tissues of B. 
napus clearly showed that the activity of the corresponding genes was not 
limited to the myrosin cells. Also, recent results showed that myrosinase could 
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be induced locally in young B. napus cotyledons around the sites of fungal 
infection (Thangstad et al., 2004). 
The intracellular localization of myrosinase has been much debated 
throughout the years, especially in relation to the storage site of glucosinolates. 
Some evidence for the localization of the latter substances in vacuoles was 
obtained from subcellular fractionation of A. lapathifolia myrosinase root cells 
(Grob & Matile, 1979; Helmlinger et al., 1983). Partly based on these results, 
Lüthy and Matile (1984) formulated “the mustard oil bomb hypothesis”, 
according to which glucosinolates were localized in the myrosin grains 
(vacuoles) of the myrosin cells and the myrosinase associated with membranes 
in the cytoplasm. This hypothesis explained how glucosinolates could become 
accessible for myrosinase first upon tissue damage (Lüthy & Matile, 1984). 
However, by the use of antibodies against myrosinase (Höglund et al., 1992; 
Thangstad et al., 1991) and the glucosinolates sinigrin (Kelly et al., 1998), it 
was found that the myrosin grains were labelled only with the anti-myrosinase 
antibody and sinigrin was localized to protein bodies in aleurone-like cells but 
shown to be absent from myrosin cells. These results showed that myrosinase 
was localized to the interior of the myrosin grains but the glucosinolates was 
localized to protein bodies in non-myrosin cells in seeds. Therefore, the 
“mustard oil bomb hypothesis” is still valid, although it has to be modified to 
account for the fact that the enzyme (myrosinase) and the substrate 




2.3.5. Distribution of myrosinase isoenzymes 
Multiple isoforms of myrosinase are present in a number of different 
myrosinase-containing plants (James & Rossiter, 1991; Lenman et al., 1993a; 
Phelan & Vaughan, 1980). Isoenzymes of myrosinase were first discovered by 
activity staining of native gels and isoelectric focusing gels (Phelan & Vaughan 
1980). By analytical gel electrophoresis, various authors demonstrated the 
separation of several myrosinase isoenzymes (Buchwaldt et al., 1986).  
In 1970, MacGibbon and Allison examined the isoenzyme pattern after 
electrophoretic separation of myrosinases of seven species of Rhoeadales. Each 
species was found to have a distinct pattern of isoenzyme and the number of 
detectable bands varied from 1 to 4 (Bones & Rossiter, 1996). MacGibbon and 
Allison also found in 1970 that the different patterns depended on whether the 
extracts were made from leaf, stem, root or seed (Bones & Rossiter, 1996). 
Buchwaldt et al. (1986) reported that the crude extract from seeds of S. alba 
contained at least fourteen myrosinase isoenzymes. Isoelectric focusing in 
polyacrylamide gels of ethanol-powder preparations revealed two bands for the 
seeds of B. nigra and B. napus and seven bands for the seeds of S. alba 
(Buchwaldt et al. 1986). The isolation of cDNA and genomic clones encoding 
myrosinases also enabled more accurate studies of the existence of myrosinase 
isoforms and their tissue distribution (Chadchawan et al., 1993; Machlin et al., 
1993; Xue et al., 1992; Xue et al., 1995; Xue & Rask, 1995).  
All plant myrosinase isoenzymes characterized are glycoproteins with a 
carbohydrate content varying between 9 and 23% of the total molecular mass 
(Bones & Slupphaug 1989). Different degrees of glycosylation can partially 
explain the observed charge heterogeneity of the different isoenzymes (Bones & 
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Rossiter, 1996). Myrosinase isoenzymes differ in physico-chemical and kinetic 
properties and in their response to ascorbic acid (James & Rossiter, 1991; 
Wilkinson et al., 1984) and hydrolysis rates of different glucosinolates (James 
& Rossiter, 1991).  
James and Rossiter (1991) separated two myrosinases from cotyledons of 
five days old B. napus seedlings. The most striking difference between these 
two myrosinases was the degree of glycosylation. Myrosinase I was similar to 
myrosinase C reported by Bones and Slupphaug (1989), while myrosinase II 
was reported to be considerably less glycosylated. By immunoblots with 
polyclonal antibodies against myrosinase and by periodic acid Schiff staining, 
these two myrosinases were shown to be different (James & Rossiter, 1991). 
When tested for substrate specificity against five glucosinolates, the degree of 
activation by ascorbic acid of these two myrosinases was also different.  
Although myrosinase isoenzymes have been isolated from several different 
sources (Bones & Rossiter, 1996; Rask et al., 2000), till now not much is known 
about the substrate specificity of myrosinase isoenzymes still. When 
considering substrate specificity one should also be aware of the possibility that 
it could be affected by factors like epithiospecifier protein, myrosinase binding 
protein or other myrosinase associated proteins or components (Andréasson et 
al., 2001). To clarify the question of substrate specificity, it will be necessary to 
examine isoenzymes of myrosinase from different developmental stages in 
combination with the known associated factors (Andréasson et al., 2001). The 
two myrosinases in the experiments of James and Rossiter (1991) degraded 
different glucosinolates at different rates. However, these two isoenzymes 
showed highest activity against aliphatic glucosinolates and least activity 
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against indole glucosinolates. These observations indicated that members of a 
given class of glucosinolates were almost degraded at approximately the same 
rate in vitro. The results from A. thaliana also indicated that myrosinases could 
react with a wide range of glucosinolates substrates (Xue et al., 1992).  
Several different myrosinase isoenzymes have been characterized in seeds, 
seedlings, and vegetative tissues of the oilseed rape, B. napus (Lenman et al., 
1993). Several myrosinase isoenzymes have been also isolated from S. alba 
seeds (Xue et al., 1992). All myrosinases isolated and purified so far have been 
reported to be glycoproteins (Bones & Rossiter, 1996). The carbohydrate 
content varies from 9 to 23% of the total molecular mass. Molecular mass of 
purified myrosinases normally range from 125 kDa to over 150 kDa. One 
exception is the myrosinase from Wasabia japonica which was reported to have 
molecular mass of 580 kDa (Ohtsuru & Kawatani, 1979). Isoelectric points vary 
between 4.6 and 6.2 (Björkman, 1976). The different myrosinase families are 
expressed in an organ- and a tissue-specific manner (James & Rossiter, 1991; 
Lenman et al., 1993a; Xue et al., 1992).  
 
2.3.6. Myrosinase subfamilies 
Isolation of cDNA and genomic clones from the seeds of S. alba and B. 
napus showed that at least three different subfamilies of myrosinases exist: the 
Myrosinase A (MA), Myrosinase B (MB) and Myrosinase C (MC) subfamilies 
(Falk et al., 1992&1995a; Lenman et al., 1993b; Thangstad et al., 1993; Xue et 
al., 1992). Active transcripts have only been reported for two of these genes, 
which are MA and MB subfamilies, and they are supposed to be able to degrade 
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the 23 different glucosinolates reported to be present in A. thaliana (Haughn et 
al., 1991).  
The expression of the three myrosinase gene subfamilies has been studied 
in B. napus by northern blot and in situ hybridization analyses using subfamily 
specific probes (Falk et al. 1992&1995a; Lenman et al., 1993a). In parallel, the 
localization of MA and MB transcripts to different organs of S. alba was 
documented (Xue et al., 1995). MA myrosinase genes in both species of B. 
napus and S. alba were exclusively expressed in the myrosin cells of the seed 
embryo, preferentially in the axis, whereas MB mRNA was present in myrosin 
cells in the entire embryo and in most mature plant organs, although the highest 
amounts were found in young tissues (Falk et al., 1992; Lenman et al., 1993a; 
Xue et al., 1993). The myrosinase isoenzymes found in B. napus were encoded 
by around 13 MB genes and 4 5 MA genes (Lenman et al., 1993b). The 3-4 
MC genes found were exclusively expressed in developing seeds, but not in the 
vegetative tissues investigated (Falk et al., 1995a). In situ hybridizations in 
developing seeds showed that the MC genes were well expressed equally in the 
myrosin cells of the embryo axes and the cotyledons of B. napus. 
Till now, only MA and MB myrosinase transcripts have been identified in 
S. alba, and these two subfamilies comprise fewer genes than those of B. napus 
(Xue et al., 1992). Eriksson et al. (2001) used sequence analysis of myrosinase 
cDNAs isolated from seeds, cotyledons and leaves of S. alba to confirm the 
result that the MA isoforms were expressed only in seed tissue, while MB 
myrosinases were found in all tissues. Furthermore, seeds and leaves of S. alba 
contained unique MB myrosinase transcripts, suggesting organ-specific 
expression of individual MB genes (Eriksson et al., 2001). The majority of 
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expressed myrosinase genes belong to the MB family, which also seems to be 
the most complex gene family according to Southern blot analysis and reversed 
transcription-polymerase chain reaction analysis (Xue et al., 1992). None of the 
mRNA amplified or analysed peptide sequences from different organs of S. alba 
could be classified to the MC family. The MC family is only characterized from 
tissues of B. napus seeds till now (Falk et al., 1995b). There is no evidence for 
the existence of myrosin cells expressing exclusively MA, MB or MC 
myrosinase in different plant organs, in which genes of all myrosinase 
sub-families are actively transcribed, as in the embryonic axes of both 
Arabidopsis and B. napus (Andréasson et al., 2001). During seed development, 
MA, MB, and MC myrosinases transcripts accumulate in parallel in B. napus 
(Rask et al., 2000). Transcripts are detectable at 20-25 days after pollination 
(DAP) and reach their highest levels at 30-35 DAP. 
Northern blot analyses have shown the presence of MB mRNA in B. napus 
seedling cotyledons, leaves, stems, pedicels, petals and siliques, but not in roots 
(Falk et al., 1995a&1995b). The amount of MB mRNA is higher in young 
leaves than in older ones. The failure to detect myrosinase mRNA in roots with 
the three subfamily probes available might indicate the presence of still another 
subfamily of myrosinase genes in the Brassicaceae, since myrosin cells have 
been identified in the roots and the presence of myrosinase verified by 
immunocytochemical (Högland et al., 1991) and western blot analyses of young 
roots (Lenman et al., 1993a). It should be pointed out that the probes used in the 
studies reviewed above were subfamily-specific, not gene-specific. That means 
that it is possible or even likely that different MB genes are transcribed in 
different organs and under different conditions. 
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The myrosinases extracted from B. napus embryo have been assigned to 
the different subfamilies by comparison of their peptide sequences to cDNA and 
genomic sequence (Rask et al., 2000). Western blot analysis of protein extracts 
from B. napus seeds showed the presence of three classes of myrosinase 
subunits with apparent molecular sizes of ca. 75, 70, and 65 kDa. The 75 kDa 
myrosinases are encoded by MA genes, the 70 kDa forms by MC genes, and the 
65 kDa forms by MB genes (Falk et al., 1995a; Lenman et al., 1993).  
Different extents of glycosylation is probably the main reason that lead to 
the size differences of the myrosinases, since the protein moieties of MA, MB 
and MC myrosinases have similar molecular masses (Rask et al., 2000). When 
myrosinases from B. napus seeds are solubilized under non-denaturing 
conditions, only the 75 kDa MA myrosinases occur as free dimers. The other 
two myrosinases, MB and MC from B. napus seeds, exist together with other 
proteins in complexes of molecular masses from 250 to 800 kDa (Lenman et al., 
1990). In S. alba seed protein extracts, only MA myrosinases are soluble 
(Eriksson et al., 2001). The MB seed myrosinases in this species can only be 
solubilized with denaturing agents (Eriksson et al., 2001). The reason for the 
insolubility of S. alba seed MB myrosinases is unknown. Myrosinase 
isoenzymes have varying degrees of glycosylation (James & Rossiter, 1991), 
which probably to some extent influence the solubility of different myrosinases 
(Eriksson et al., 2001). The MA isoform is the most extensively glycosylated 
myrosinase and, thereby, probably adapted to its particular environment in the 
dehydrated seed (Burmeister et al., 1997). Peptide sequencing showed that all 
soluble myrosinases in S. alba seeds were MA myrosinases, while all insoluble 
myrosinases characterized belonged to the MB family (Eriksson et al., 2001). It 
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is of interest that MB myrosinases are soluble in ordinary buffers when 
extracted from seedling cotyledons. Two of these soluble myrosinases extracted 
from seedling cotyledons also had the same sizes as the insoluble MB proteins 
in the seeds (Eriksson et al., 2001). Although the identical peptide sequences 
from these proteins do not guarantee sequence identity throughout the molecule, 
these findings suggest that some factor non-covalently interacts with MB 
myrosinases in seeds making them insoluble (Eriksson et al., 2001) However 
whether or not this interaction occurs prior to or after homogenization remains 
to be determined. 
Falk et al. (1992) found the highest expression of myrosinase mRNA in 
young leaves, cotyledons and developing seeds in B. napus, where it was 
detected from day 15 to day 30 after pollination. In a later report Xue et al. 
(1992) found that two myrosinase genes showed a tissue preferential expression 
during embryo and seedling development in S. alba. Northern blots with mRNA 
from seeds and young leaves of B. napus probed with MA (Myr1) and MB 
(Myr2) specific probes showed that the two subgroups of the myrosinase gene 
family were differentially expressed (Lenman et al., 1993). The highest level of 
expression of MA (Myr1) was found in seeds, whereas MB (Myr2) expression 
was found to be highest in leaves. The large number of genes, which were 
transcriptionally active, indicated that the myrosinase-glucosinolates system 
must play an important role in the life of the plants of Brassicaceae (Bones & 
Rossiter, 1996). 
Furthermore, western blot analysis of protein extracts from different B. 
napus organs excised at different time points of plant development showed 
developmentally regulated changes in the organ-specific myrosinase isoenzyme 
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patterns (Lenman et al., 1993). During seedling development there was a 
turnover of the myrosinase pool such that in 5-d-old seedlings the 75-, 70-, 66-, 
and 65-kD myrosinases were present, with the 70- and 75-kD myrosinases most 
abundant. Sixteen days later the same myrosinases were present in the seedlings, 
but the 66- and 65-kD myrosinase species were predominating. At flowering, 
the mature leaves as well as stems, pedicels, petals, and siliques had only the 72 
kDa myrosinases. To predict the isoenzyme pattern in different organs seems to 
be a difficult task. Isoenzyme pattern changes during germination, hence it is 
very difficult to predict the isoenzyme pattern in different plant organs 
(Eriksson et al., 2001). Not only are the isoenzyme pattern of myrosinase 
enzymes influenced by the developmental stage of the plant, but also by other 
factors, such as wounding (Taipalensuu et al., 1997a&b) and sulfur deficiency 
conditions (Bones et al., 1994). 
The most likely reason for the occurrence of myrosinases of different 
molecular masses in vegetative organs at different stages during plant 
development seem to be the differential expression of MB genes (Rask et al., 
2000). The molecular masses of the protein chain in all types of myrosinases are 
similar. However, the numbers of potential sites for N-linked glycosylation 
varies between different MB proteins, and therefore, the differences in apparent 
molecular masses observed on western blots are probably due to different 
degrees of glycosylation of individual myrosinase chains. 
 
2.3.7. Gene structure of Myrosinase 
More than 20 myrosinase genes seem to be present in the B. napus (Xue et 
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al., 1992), but few of these genes or cDNAs have been cloned as yet. Recently a 
significant amount of work has been put into the cloning of myrosinase genes. 
As a result, several myrosinase genes from S. alba, B. napus and A. thaliana 
have been isolated and characterized (Chadchawan et al., 1993; Falk et al., 1992 
& 1995a; Thangstad et al., 1993; Xue et al., 1992).  
The first cDNA gene encoding the myrosinase was isolated from S. alba by 
Xue et al. (1992). A full-length cDNA clone (MB3) and three partial clones 
(MA1, MB1 and MB2) were isolated from a S. alba cDNA library. Nucleotide 
sequence analysis of these clones revealed that they were encoded by a gene 
family (Xue et al., 1992). Southern blot analysis with gene-specific probes 
showed that this gene family consisted of at least two subfamilies (MA and MB) 
each with several members both in S. alba and in B. napus. In A.thaliana only 
three myrosinase genes seem to be present (Xue et al., 1992). The amino acid 
sequence similarities between myrosinases belonging to the MB family are that 
more than 90% and between the MA and MB myrosinases about 60% (Xue et 
al., 1992). These data are, however, based on only one full-length cDNA clone. 
cDNA encoding myrosinases from B. napus and A. thaliana have also been 
reported (Chadchawan et al., 1993; Falk et al., 1992). There are approximately 
four myrosinase MA genes and more than 10 MB genes in B. napus. The 
myrosinase genes of B. napus were found to be of 91.2% identical to the MB3 
clone from S. alba and 67.5% identical to the MA1 clone at the amino acid level, 
and therefore belonged to the Myr2 subtype (=MB) of the gene family (Rask et 
al., 2000).  
Myrosinases are encoded by a large gene family in both S. alba and B. 
napus. Thangstad et al. (1993) estimated the number of myrosinase genes in B. 
 29
napus to be 14-17. A similar result was also reported by Lenman et al. (1993) 
which estimated that there were 13 Myr2 (MB) genes and 3-4 Myr1 (MA) genes 
in S. alba. Some of these genes may be pseudogenes (Lenman et al., 1993). 
Present results indicate that these estimates may be low (Falk et al., 1995). In A. 
thaliana a small myrosinase gene family with only three genes has also been 
found (Chadchawan et al., 1993; Xue et al., 1995).  
Six genes, each encoding a myrosinase, have been characterized in detail 
by sequence determination so far. Three of them were from B. napus (Lenman 
et al., 1993; Thangstad et al., 1993). One was from B. campestris (Machlin et 
al., 1993). The other two were from A. thaliana (Xue et al., 1995). The 
exon/intron organization of all functional myrosinase genes characterized is 
conserved with 12 exons separated by 11 introns. Two genes, the MA Myr1 
from B. napus (Thangstad et al., 1993) and tgg1 from B. campestris (Machlin et 
al., 1993), were originally reported to contain only 11 exons, lacking exon 9. 
However, a re-evaluation showed that B. napus and S. alba MA genes also 
contained exon 9 (Taipalensuu et al., 1995), which might be also present in the 
B. campestris tgg1 gene. One of the B. napus genes was a non-functional MA 
pseudogene (Lenman et al., 1993). This gene shared the basic exon/intron 
organization with the functional genes. The first two genomic myrosinase genes 
from B. napus were Myr1.Bn1 and Myr2.Bn1 (Thangstad et al., 1993). The 
Myr1 gene cloned from B. napus has a 19 amino acid signal peptide and 
consists of 11 exons of sizes ranging from 54 to 256 bp and 10 introns of sizes 
from 75 to 229 bp (Rask et al., 2000). The Myr2 gene has a 20 amino acid 
signal peptide and consists of 12 exons ranging in size from 35 to 262 bp and 11 
introns of sizes from 81 to 131 bp. The exons from the two genes showed 83% 
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homology at the amino acid level. The intron-exon splice sites are of GT..AG 
consensus type. The signal peptides and presence of sites for N-linked 
glycosylation suggest transport and glycosylation through the ER-Golgi 
complex (Thangstad et al., 1993). Thangstad et al. (1993) concluded that 
Myr1.Bn1 most likely encoded a major seed myrosinase, and Myr2.Bn1 encoded 
a vegetative type myrosinase. Xue et al. (1995) sequenced two of the three 
myrosinase genes in A. thaliana, TGG1 and TGG2 genes. These two genes were 
found to be located in an inverted mode with their 3' ends 4.4 kb apart. Their 
organization was highly conserved with 12 exons and 11 short introns. 
Comparison of the nucleotide sequences of TGG1 and TGG2 exons revealed an 
overall 75% similarity. In contrast, the overall nucleotide sequence similarity in 
introns was only 42%. In intron 1 the unusual 5' splice border GC was used. 
Phylogenetic analyses using both distance matrix and parsimony programs 
suggested that the Arabidopsis genes could not be grouped with either MA or 
MB genes. Consequently, these two gene families arose only after Arabidopsis 
had diverged from the other Brassicaceae species (Rask et al., 2000). In situ 
hybridization experiments showed that TGG1 and TGG2 expressing cells are 
present in leaf, sepal, petal, and gynoecium of A. thaliana. In developing seeds 
of A. thaliana, a few cells reacted with the TGG1 probe, but not with the TGG2 
probe, indicating a partly different expression of these genes (Xue et al., 1995).  
A myrosinase pseudogene has also been reported in B. napus (Lenman et 
al. 1993b). Pseudogenes are inactive sequences of genomic DNA which have a 
similar sequence to known functional genes. Because of this similarity, 
pseudogenes are normally considered to be evolutionary relatives to normally 
functioning genes. Myrosinase isoenzymes are known to be encoded by two 
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different families of genes, MA and MB. Nucleotide sequence analysis of a B. 
napus genomic clone, containing a gene for myrosinase, revealed it to be a 
pseudogene of the MA family (Lenman et al. 1993b). The pseudogene was 
found to span more than 5 kb and contain at least 12 exons. The exon sequence 
of the gene was highly similar to myrosinase cDNA sequences. However, a 
portion of the 5´-end was missing. This gene displayed three potential or actual 
pseudogene characters. Southern blot analysis using probes from the 3' portions 
of the genomic and B. napus MA and MB cDNA clones showed that MA type 
myrosinases were encoded by approximately four genes, while MB type 
myrosinases are encoded by more than 10 genes in B. napus (Lenman et al., 
1993). Northern blots with mRNA from seeds and young leaves of B. napus 
probed with the MA- and MB-specific probes showed that the MA and MB 
myrosinase gene families were differentially expressed. Sequence comparisons 
with myrosinase cDNA grouped this pseudogene to the Myr1 (MA) subgroup of 
the gene family. A multiple sequence alignment with the cDNA from Falk et al. 
(1992) and several other β-glycosidases and β-galactosidases revealed that 
myrosinases could be grouped to the BGA family of β-glycosidases (Lenman et 
al., 1993b).  
Based on the conserved regions in cDNA from three species, PCR 
(polymerase chain reaction) primers were obtained, and used to amplify and 
characterize the structure of the myrosinase genes in B. napus, B. chinensis (B. 
campestris var. chinensis), B. campestris, B. oleracea, Cheiranthus cheiri, 
Raphanus sativus and S. alba (Bones & Rossiter, 1996). The strong similarity of 
nucleotide sequence, intron-exon structure and gene copy number among all the 
seven species compared indicated that the myrosinase genes are similarly 
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organised in these species. 
 
2.4. The Glucosinolates-Myrosinase system  
The wide range of biological activities of products derived from the 
glucosinolates-myrosinase system is biologically and economically important. 
On one hand, the degradation products of glucosinolates play an important role 
in the defense of plants against herbivores. On the other hand, these compounds 
have toxic (e.g. goitrogenic) as well as protective (e.g. cancer-preventing) effects 
in higher animals and humans. There is a strong interest in the ability to regulate 
and optimize the levels of individual glucosinolates tissue-specifically to 
improve the nutritional value and pest resistance of crops. 
 
2.4.1. Organisation of the myrosinase-glucosinolates system 
Matile concluded in 1980 that the stability of glucosinolates in the intact 
root tissues of horseradish (Armoracia rusticana) appeared to be due to the 
location of glucosinolates and myrosinase in distinct subcellular compartments 
of the same cell (Bones & Rossiter, 1996). Andréasson et al. (2001) found that 
myrosinase was present in the myrosin cells in both A. thaliana and B. napus. 
However, there is a difference in the localization of myrosinase between A. 
thaliana and B. napus (Andréasson et al., 2001). In A. thaliana, myrosinase is 
confined to cells of the phloem parenchyma, whereas in B. napus myrosinase is 
expressed in both the ground tissue and the phloem tissue. The expression 
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pattern of myrosinase in A. thaliana is in agreement with the in situ 
hybridization analysis of the published myrosinase genes in A. thaliana, TGG1 
and TGG2 (Xue et al., 1995). The glucosinolates-containing S-cells (Koroleva 
et al., 2000) with translucent vacuoles are structurally different from the phloem 
myrosin cells with protein-containing vacuoles. This probably means that 
myrosinase and glucosinolates are not colocalized in the same cells, at least not 
in pedicels of A. thaliana (Andréasson et al., 2001). Kelly et al. (1998) also 
showed the presence of glucosinolates in non-myrosin cells in imbibed seeds of 
B. juncea. These observations are in contrast to the "mustard oil bomb" theory 
(Lüthy & Matile, 1984), which predicted myrosinase to be inactivated and 
localized in the same cell as glucosinolates. The presence of glucosinolates in 
the S-cells and myrosinase in myrosin cells of A. thaliana, with the cells 
adjacent and sometimes in contact with each other, is an important structural 
aspect considering the proposed functions of the system in nutrition and defense. 
In both cases, products may need to be rapidly distributed throughout the plant. 
Transport of secondary compounds, like alkaloids (Hashimoto & Yamada, 1994; 
St-Pierre et al., 1999) and glucosinolates (Brudenell et al., 1999; Lykkesfeldt & 
Møller, 1993; Merritt, 1996) have been shown in several species. Glucosinolates 
have been proposed to be transported by the phloem and not by the xylem 
because myrosinase has been claimed to be present in the latter tissue (Brudenell 
et al., 1999). 
More evidences for the localization of glucosinolates are needed, but are 
hard to obtain because of the solubility of this group of compounds. Since 
glucosinolates are hydrolyzed only after the plant is injured, there are three 
possible locations of substrate and enzyme: they are in different cells, in 
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different compartments of the same cell (e.g. different vacuoles in the same cell), 
or inside the same compartment of the same cell but in an inactive form (Bones 
& Rossiter, 1996).  
Among these three possibilities, a localization of glucosinolates and 
myrosinase in different vacuoles in the same cell is not likely (Bones & Rossiter, 
1996). During seedling development, fisions and fusions of the vacuoles in the 
cells are the most remarkable and after that the vacuoles of a myrosin cell will 
undergo considerable changes (Bones et al., 1991). Mechanism for sorting and 
fusion of glucosinolates or myrosinase containing vacuoles is necessary to 
maintain the stability of such a system. However no such kind of mechanisms 
has been observed till now. A more likely system would include 
compartmentation of glucosinolates in vacuoles of some cells and myrosinases 
in vacuoles of myrosin cells (Bones & Rossiter, 1996). The demolition of 
subcellular compartmentation by mechanical disruption or by micro- or 
macro-organisms feeding on the plants would cause the necessary contact 
between enzyme and substrate. Another possibility is that myrosinase is 
localized in myrosin cells and other components of the system in separate cells. 
To activate such a system enzymes or substrates must be transported or the 
organization of a tissue broken.  
The three sub-groups of myrosinases reported by Thangstad et al. (1993) 
and Falk et al. (1995) may also have relevance to the organization of the 
glucosinolates-myrosinase system. The two genes belonging to the Myr1 and 
Myr2 subgroups of the gene family were reported to have 3 and 9 potential 
glycosylation sites (Thangstad et al., 1993). Since glycosylation may be a 
requisite for a vacuolar localization due to the hydrophilic properties added with 
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the carbohydrates, this could indicate that myrosinase also can be localized in 
other places than the vacuole/myrosin grain (Bones & Rossiter, 1996).  
From the above mentioned it can be concluded that the cellular 
organization of the myrosinase-glucosinolates system is still unclear. Evidence 
shows that myrosinases, glucosinolates and ascorbic acid are localized in 
vacuoles, but with the exception of myrosinase which is localized in myrosin 
cells, the cellular localization of the other components including myrosinase 
associated proteins are unknown.  
 
2.4.2. Role of the myrosinase-glucosinolates system 
The glucosinolates-myrosinase system is generally believed to be part of 
the plant’s defense against insects, and possibly also against pathogens. It may 
have multiple functions in plant-pest interactions, providing not only feeding 
and ovipositioning stimulants but also compounds acting as toxins and feeding 
deterrents to generalist insect herbivores (Bones & Rossiter, 1996). The 
glucosinolates-myrosinase system is highly complex and plants contain many 
different myrosinase genes (Xue et al., 1992) in addition to a number of 
structurally different glucosinolates with aliphatic, aromatic or indolylic side 
chains (Fenwick et al., 1994). The glucosinolates may be a sink for nutrients like 
nitrogen and sulfur, helping with sulfur and nitrogen metabolism and growth 
regulation (Bones & Rossiter, 1996). The degradation products may be involved 
in defense system of the plants against microorganisms, insects, and other 
phytopathogens (Bones & Rossiter, 1996). The number of different 
glucosinolates and isoenzymes reported so far may indicate that specific 
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hydrolysis products are needed for certain situations or developmental stages 
(Bones & Rossiter, 1996). For example, indoleglucosinolates may be a sink for 
production of the growth factor indole acetic acid (IAA) and thereby be involved 
in growth regulation. The complexity of the myrosinase-glucosinolates system 
should indicate an important role in the life of the cruciferous plants.  
Actually plant secondary metabolites such as glucosinolates are shown to 
serve as mediators in plant-insect interactions in several ways. Hartman (1996) 
suggested that the great chemical diversity and intraspecific variability of 
secondary metabolism were the result of processes of natural selection which 
acted upon highly variable chemical structures. Biochemical and physiological 
properties of myrosinase-glucosinolates system are in accordance with such a 
view. This system stimulates insect feeding and oviposition, defends plants 
directly, and provides cues to natural enemies of herbivores even contribute to 
indirect plant defense (Hartman, 1996).  
Effects of the glucosinolates-myrosinase system on specialist and 
generalist herbivores display heterogeneous results that do not strictly adhere to 
chemical defense theory (Kliebenstein et al., 2002). For example, increasing 
glucosinolates levels in B. juncea reduced feeding by a generalist lepidopteran 
herbivore, Spodoptera eridania, while the specialist Plutella xylostella was 
unaffected by glucosinolates concentration in B. juncea. Further, increased 
glucosinolates levels in B. rapa also led to decreased feeding by both the 
specialist, Pieris rapae, and the generalist, Trichoplusia ni (Stowe, 1998). 
Elevated myrosinase levels had the opposite effect and decreased herbivory by 
the specialist, P. xylostella (Li et al., 2000). In contrast, elevated glucosinolates 
levels inhibited feeding of P. xylostella on B. rapa plants (Siemens & 
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Mitchell-Olds, 1996). Many studies have shown that specialist herbivores are 
attracted by glucosinolates and their breakdown products (Bartlet et al., 1997; 
Griffiths et al., 2001; Huang & Renwick, 1994; Moyes & Raybould, 2001; 
Pivnick. et al., 1994; Rojas, 1999; Stadler et al., 1995). In contrast, these 
compounds may play a defensive role by attracting a parasitoid of aphid 
herbivores (Bradburne & Mithen, 2000). Simultaneous analysis of the joint 
effects of glucosinolates and myrosinase together might clarify the defensive 
role of this secondary metabolic system. 
It has become very clear recently that the glucosinolates/myrosinase 
system is dynamic, responding to environmental changes and to plant damage. 
Pre-treatment with elicitor compounds, which stimulate glucosinolates 
accumulation (Doughty et al., 1995; Kiddle et al., 1994), can enhance 
resistance of the plant to subsequent infection by pathogens (Doughty et al., 
1995). More work is required to establish the underlying biochemical 













CHAPTER III. MATERIALS AND METHODS 
──────────────────────────────── 
 
3.1. Plant Materials 
3.1.1. Effects of temperature and pH on myrosinase activity of Chinese 
flowering cabbage and Chinese kale  
The effects of temperature and pH value on myrosinase activity were 
investigated only with mature and fresh plants of Chinese kale [B. oleracea var. 
alboglabra] and Chinese flowering cabbage [B. chinensis var. parachinensis 
(Bailey)]. Plant materials were obtained from a local farm and then used as the 
experimental materials immediately. The second fully expanded leaves of the 
vegetative were chosen for experiments.  
 
3.1.2. Chlorophyll concentration, chlorophyll fluorescence parameters, total 
anti-oxidant capacity and myrosinase activity of marketable Brassica 
vegetables 
In this part of the study, mature and fresh plants of commonly consumed 




Plate 1. Commonly consumed marketable Brassica vegetables: Chinese kale (A), 
Chinese flowering cabbage (B), broccoli (C), cauliflower (D), cabbage (E) and 
Chinese white cabbage (F). 
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alboglabra], cabbage [B. oleracea L. Capitata], broccoli [B. oleracea L. Italica], 
cauliflower [B. oleracea L. Botrytis], Chinese flowering cabbage [B. chinensis 
var. parachinensis (Bailey)] and Chinese white cabbage [B. campestris L. 
pekinensis], were purchased from a local supermarket (The above nomenclature 
of these Brassica vegetables follows that of Gray, 1989). They were 
immediately used for the various experiments upon arrival in the laboratory. In 
this series of study, only the second fully expanded leaves of the vegetative 
shoots of the leafy vegetables were chosen for experiments, unless otherwise 
stated. In both broccoli and cauliflower, florets from the middle parts of the 2nd 
or 3rd branch from the inside were chosen for the experiments.  
 
3.1.3. Effects of post harvest storage on chlorophyll concentration, total 
anti-oxidant capacity, and myrosinase activity in the leaves of Chinese 
flowering cabbage and Chinese kale 
The effects of post harvest storage on chlorophyll concentration, total 
anti-oxidant capacity and the myrosinase activity of the vegetables were studied 
with mature plants of Chinese kale [B. oleracea var. alboglabra] and Chinese 
flowering cabbage [B. chinensis var. parachinensis (Bailey)], which were 
freshly obtained from a local farm. The Brassica vegetables were placed in 
zip-block bags to minimize moisture loss and create a high humidity storage 
environment immediately upon arrival in the laboratory. Also, plants of both 
Chinese flowering cabbage and Chinese kale were divided into two groups for 
two different treatments: In treatment A the vegetables was kept in the 
refrigerator at 4°C for 10 days until they started to show symptom of 
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decomposition. In treatment B the vegetables was kept under room temperature 
at 25°C. Both treatments were subjected to dark storage. The second fully 
expanded leaves of the vegetative shoots of Chinese flowering cabbage and 
Chinese kale were collected on day 0, 2, 4, 6, 8 and 10 of storage for analyses.  
 
3.1.4. Effects of plant age and different [N] fertilizers on chlorophyll 
concentration, total anti-oxidant capacity and myrosinase activity in different 
plant organs of the seedlings of Chinese flowering cabbage during early 
establishment 
The effects of fertilizers with different nitrogen concentration, plant age 
and plant organ were studied with young seedlings of Chinese flowering 
cabbage [B. chinensis var. parachinensis (Bailey)]. Chlorophyll concentration, 
total anti-oxidant capacity and myrosinase activity were determined immediately 
after the harvest of the plants. The above parameters were also investigated in 
the various organs of the harvested plants, including leaves, stems and roots of 
the seedlings of Chinese flowering cabbage. All the plants were cultivated in 
GA7™ containers for 11 days after sowing. The seeds were purchased from 
Known-You Seed Co. LTD. Plants were watered with Hoagland solutions with 
full-strenth (1N), nitrogen-free (0N) and half-nitrogen concentration of the 
full-strengths Hoagland solution (0.5N) respectively. Tissue samples from the 
leaves, stems and roots of various Hoagland solutions treated plants were 
collected for the determination of chlorophyll concentration, total anti-oxidant 
capacity and myrosinase activity on day 3, 5, 7, 9 and 11 after sowing. Tissue 
samples from the leaves, stems and roots of the other two kinds of Hoagland 
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solution treated plants (0N and 0.5N) were also collected for the determination 
of the myrosinase activity on day 3, 5, 7, 9 and 11 after sowing. 
 
3.1.5. Effects of plant age on chlorophyll concentration, anti-oxidant capacity, 
and myrosinase activity in different organs of mature plants of Chinese 
flowering cabbage  
 In this part of the study, seeds of Chinese flowering cabbage [B. 
chinensis var. parachinensis (Bailey)] purchased from Known-You Seed Co. 
LTD were cultivated in small pots (12cm in diameter). The germinated plants 
were allowed to grow for different periods with full-strength Hoagland solution 
being supplied every three days. Then samples of the leaves, stems and petioles 
from the cultivars were collected on day 10, 15, 20, 25 after sowing. Chlorophyll 
concentration, total anti-oxidant capacity and myrosinase activity were 
determined with the tissues from different organs immediately after picking up 
the samples. 
 
3.1.6. Drought effects on chlorophyll concentration, chlorophyll fluorescence 
parameters, total anti-oxidant capacity, and myrosinase activity in the leaves  
of Chinese flowering cabbage 
In this part of the study, bigger plants of Chinese flowering cabbage [B. 
chinensis var. parachinensis (Bailey)] were grown in pots in Agri-Food & 
Veterinary Authority of Singapore for twenty days. They were then transferred 
to the greenhouse of Department of Biological Sciences in NUS for further 
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experiments. One group of Chinese floweing cabbage used for the experiments 
were well-watered everyday. The other group of plants was grown under 
drought condition by withholding irrigation for various durations. All the 
cultivars were exposed to natural variations of PPFD levels. The daily PPFD 
levels ranged from 50-250 µmol m-2s-1 and it was highest during mid-day. Air 
temperature of the green house was 25-35°C. As above, only the second fully 
expanded leaves of the vegetative shoots of Chinese flowering cabbage were 
chosen for experiments.  
 
3.1.7. Total anti-oxidant capacity and myrosinase activity in the leaves of 16 
different cultivars of Chinese flowering cabbage (of marketable types)  
Different cultivars of Chinese flowering cabbage [B. chinensis var. 
parachinensis (Bailey)] were used for the study of myrosinase antivity and total 
anti-oxidant capacity. These plants were cultivated for 28 days after growing and 
then were freshly harvested from Agri-Food & Veterinary Authority of 
Singapore and immediately brought to the laboratory for experimentation. The 
study was carried only on the second fully expanded leaves of the vegetative 
shoots of the plants. All the 16 varieties are as shown in Table 1. 
 
3.1.8. Molecular study on myrosinase in the leaves of 16 different cultivars of 
Chinese flowering cabbage  
Different cultivars of Chinese flowering cabbage [B. chinensis var. 
parachinensis (Bailey)], all the same with the materials used in selection of  
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Table 1. Basic information of the 16 tested cultivars of Chinese flowering cabbage 




Label Common Name Company 
C1 Medium Flower Choy Sam Seed Ban Lee Huat 
C2 Early Flower Choy Sam seed Ban Lee Huat 
C3 211 Ban Lee Huat 
1 Pai Tsai #1316KY-early Know-You Seed Co 
4 Caisim flower stem type East-West Seed Co 
5 Caixin Chai Tai Seed Co 
6 Bang Luang 006 (caixin) Chai Tai Seed Co 
7 Flowering Pak Choy  
(Dark green type) 
Chai Tai Seed Co 
9 Chye Sim Flowering Faithful Provider 
10 Chye Sim a Faithful Provider 
11 Chye Sim b Faithful Provider 
12 Chye Sim c Faithful Provider 
15 Tosakan  
(Caisum Bangkok) 
PT. East West Seed 
Indonesia 
16 Tsoi Sum Tropical Seed Co 
17 Sawi Hibrida Super King Seed Co 
18 Sawi Manis Chai Tai Seed Co 
 45
3.1.7, were used for the molecular study of myrosinase. Leaf samples were 
collected from the plants, frozen in liquid nitrogen and stored at -80ºC until 
future used.  
 
3.2. Preparation of Hoagland solution 
Hoagland solution was one of the standard research nutrient solutions for 
hydroponics. The full-strength Hoagland solution was prepared as shown in 
Table 2. The preparation of the other two kinds of modified Hoagland solutions 
with 0N and 0.5N were also shown in Table 2. 
 
3.3. Chlorophyll concentration 
Fresh tissues samples 0.5 g of leaves, petioles, stems or roots were 
weighed and cut into small pieces (about 1 mm wide). These tissue pieces were 
ground with a mortar and pestle in 2-3 ml of 100% acetone. The homogenate 
was transferred to a falcon tubes and topped up the volume to 5 ml with pure 
acetone. After that the tubes were stored in the dark for 15 min. Then the slurries 
were centrifuged for 10 min, 4,000 rpm (Hermle Z200A) to separate solid 
compound elements. The absorbances of the samples were read at 663, 645 and 
460nm by the UV-vis spectrophotometer and used for the calculation of 
chlorophyll concentration according to Embry & Nothnagel (1994), where A is 
absorption at given wavelengths: 
Total chlorophyll (mg/ml) = 20.2 (A645) + 8.02 (A663) 





Table 2. Ingredients of Hoagland solutions with different nitrogen concentrations. 
All solutions were made up to one liter with distilled water. 
 
Chemicals 0N 0.5N 1N 
KNO3 Nil 2.5×10-3M 5×10-3M 
Ca(NO3)2 Nil 2.5×10-3M 5×10-3M 
KH2PO3 1×10-3M 1×10-3M 1×10-3M 
MgSO4 2×10-3M 2×10-3M 2×10-3M 
KCl2 5×10-3M 2.5×10-3M Nil 
CaCl2 5×10-3M 2.5×10-3M Nil 
B (from H3BO3) 0.5mg·L-1 0.5mg·L-1 0.5mg·L-1 
Mn (from MnCl2 · 4H2O) 0.5mg·L-1 0.5mg·L-1 0.5mg·L-1 
Zn (from ZnSO4 · 7H2O) 0.5mg·L-1 0.5mg·L-1 0.5mg·L-1 
Cu (from CuSO4 · 5H2O) 0.02mg·L-1 0.02mg·L-1 0.02mg·L-1 
Mo (from 85% MoO3) 0.02×10-3g 0.02×10-3g 0.02×10-3g 








Chlorophyll b (mg/ml) = 22.9 (A645) - 4.68 (A663)  
Carotenoids (mg/ml) = 5(A460) - 14.87(A645) + 2.84(A663) 
 
3.4. Chlorophyll fluorescence 
Chlorophyll fluorescence was determined at room temperature (20°C) 
with a pulse-modulated fluorometer (FMSII, Hansatech, England). The selected 
leaf samples were dark-adapted using leaf-clips (Hansatech, England) for 30 min, 
allowing the PSII reaction centers to relax before starting the measurements. The 
actinic light level used was 70 μmol m-2s-1 and saturation light pulse (4000 μmol 
m-2s-1 each) were switched on every 60 s; the duration of each measurement was 
30 min. The following chlorophyll fluorescence parameters were determined: Fo 
(minimal fluorescence yield under dark-adapted conditions), Fm (maximal 
fluorescence yield under dark-adapted conditions), Fv/Fm (potential quantum 
efficiency of open PSII reaction centers), Fo’ (minimal fluorescence yield under 
light-adapted conditions), Fm’ (maximal fluorescence yield under light-adapted 
conditions), Fv’/Fm’ (efficiency of excitation energy capture by open PSII 
reaction centers), qP (photochemical quenching), qNP or NPQ 
(non-photochemical quenching), and ΔF/Fm’ (potential for non-cyclic electron 
transport). All parameters determined were calculated according to Maxwell & 
Johnson (2000). 
 
3.5. Total anti-oxidant capacity 
Brand-Williams et al. (1995) suggested that the DPPH [2, 2-di 
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(4-tert-octylphenyl) -1- picrylhydrazyl] radical scavenging assay was an easy 
and accurate method for determining the antioxidant capacity of fruit and 
vegetable juices or extracts. DPPH is a stable free radial with a purple color 
(absorbs at 517 nm).  
Plant samples of 0.1 g were ground into fine powder and dissolved in 1 ml 
distilled water. Each of the slurry was centrifuged (Hermle Z200A) for 15 min 
with 10,000 rpm at 4ºC to separate solid compound elements. 
The DPPH free radical scavenging assay was performed according to the 
method of Kirby and Schmidt (1997). Standard curve was established by mixing 
different amounts of 0.5 ml/ml methanolic solutions of ascorbic acid and 
distilled water, at 6 different concentrations. The DPPH solution was prepared at 
a concentration of 0.1 mM in methanol. In one set of cuvettes, 2.95 ml DPPH 
solution plus 50 μl sample solution were added. In the other set of cuvettes, 2.95 
ml methanol plus 50 μl sample were added. Both the two sets of cuvettes were 
kept in the dark at room temperature for 30 min. The absorbances of the samples 
were measured at 517 nm using pure methanol as blank. In this series of 
experiments, the results were expressed as mg of ascorbic acid equivalents per 
100 g, i.e. the quantity of ascorbic acid required to produce the same scavenging 
activity as the extract in 100 g of sample (L-ascorbic acid equivalent antioxidant 
capacity, AEAC).  
 
3.6. Crude extraction of myrosinase and activity determination 
Myrosinase activity was assayed according to the method of Palmieri et al. 
(1982). Plant tissue samples of either leaves, petioles, stems or roots, 0.1 g each, 
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were ground into powder with a mortar and pestle and extracted in 1 ml 
extraction buffer [10 mM Tris-HCl (pH 8.0), 1 mM EDTA, 1% w/v PVP 
(polyvinylpyrrolidone) and 1 mM DTT (dithiothreitol)]. Each of the slurry was 
centrifuged (Hettich Universal 32R refrigerator centrifuge) for 15 min with 
10,000 rpm at 4°C to remove precipitates and stored at 4°C in the ice box until 
utilized. The supernatant fluid contained the crude extract of the thioglucosidase 
protein, myrosinase. 
The myrosinase activity assay was based on the release of glucose from 
the reaction of hydrolysis of a known amount 2-propenyl glucosinolate (sinigrin) 
added to the reaction media by the crude extracted myrosinase. Sample solution 
was the supernatant fluid obtained from above. Sinigrin solution was prepared 
by adding 15 mg sinigrin in 1 ml distilled water. Tubes were divided into two 
sets: reaction tubes and control tubes. In each of the reaction tube, assays were 
carried out using 0.35 ml potassium phosphate buffer of 33 mM at pH 6.0, 
containing 0.05 ml sample solution, in a total volume of 0.5 ml together with 0.1 
ml sinigrin solution. In each of the control tube, assays were carried out using 
0.35 ml the same potassium phosphate buffer, containing 0.05 ml sample 
solution, in a total volume of 0.4 ml without sinigrin solution. All the tubes were 
incubated in a waterbath at 37°C for 30 min. Then the reaction was stopped by 
inactivating the myrosinase activity at 100°C for 5 min. After that 0.1 ml 
sinigrin solution was mixed with the solution in each control tube.  
A glucose diagnostic kit (Sigma Chemical Co., St. Louis, MO) was used 
to determine the amount of glucose released upon enzymatic hydrolysis of 
sinigrin. The glucose diagnostic kit was reconstituted according to the 
manufacturer's specification. The absorbance of the pink color of the 
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quinoneimine complex formed was determined with a spectrophotometer at 540 
nm. A standard curve were prepared by mixing 0, 10, 20, 30 and 40 μl of 
glucose stock solution (1.0 mg glucose per ml distilled water) with 500, 490, 480, 
470 and 460 μl of distilled water respectively to obtain a total volume of 0.5 ml 
in each tube. Then 1 ml of reagents constructed from the diagnostic kit was 
added into all the tubes including reaction, control and standard curve tubes and 
then incubated in a waterbath at 37ºC for 30 min. Two ml of sulfuric acid of 12 
M were added to each tube to stop reaction and a pink color was formed. 
Absorbances were read at 540 nm (Shimadzu UV-visible recording 
spectrophotomer UV-160).  
To determine the effect of pH value on myrosinase activity, pH value of 
the potassium phosphate buffer was adjusted to range from 4.65 to 8.00. For the 
determination of temperature effect on myrosinase activity, reaction temperature 
was adjusted to range between 20 to 60 ºC. 
 
3.7. Total soluble protein concentration 
The concentration of total soluble proteins was measured by the method 
described by Bradford (1976) using the Bio-Rad protein assay (Sigma, USA). 
Bovine serum albumin (BSA) (Sigma, USA) was used as the standard.  
 
3.8. Molecular study on myrosinase 
3.8.1. Total DNA extraction 
The second fully expanded leaves of the vegetative shoots of different 
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varieties of Chinese flowering cabbage [B. chinensis var. parachinensis (Bailey)] 
(described previously in section 3.1.8) were collected for the extraction of DNA. 
Total genomic DNA was extracted according to the manufacturer’s instruction 
of Plant DNA Extraction (DNAzol®, Invitrogen™).  
Plant tissues of 0.2 g were pulverized in liquid nitrogen using a mortar and 
pestle. Liquid nitrogen was replenished in the mortar 2-3 times until a fine 
homogeneous powder was obtained. The powders were transferred to a 
centrifuge tube containing 600 µl of DNAzol. After that, samples were stored at 
room temperature for 5 min with mixing by inversion or mechanical rotation. 
Chloroform (1 ml of chloroform per 1 ml of DNAzol ES) was added and then 
the mixture was shaked vigorously for 5 min. The mixture was then centrifuged 
at 12,000 g for 10 min. During these procedures pigments and insoluble plant 
debris were removed by the chloroform extraction. 
Following centrifugation, the upper aqueous phase was transferred to a 
clean tube. 450 µl of 100% ethanol was added to the supernatant to precipitate 
DNA. Samples were mixed after the addition of ethanol by inverting the tubes 
8-10 times and stored at room temperature for 5 min. After that precipitated 
DNA was sedimented at 5,000 g for 4 min and the resulting supernatant was 
discarded.  
DNAzol-ethanol wash solution was prepared by mixing 1 volume of 
DNAzol ES with 0.75 volume of 100% ethanol.  
The supernatant was removed by decanting. The 600 µl of 
DNAzol-ethanol wash solution prepared above was added to the pellet. Each 
DNA pellet was washed for 5 min by intermittent vortexing and the DNA was 
sedimented at 5,000 g for 4 min. A second ethanol wash would be employed if 
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plant pigments were visible in the ethanol wash solution.  
The ethanol wash was removed by decanting and the tubes were stored 
vertically for 1-2 min. Excess ethanol was removed from the DNA pellet with a 
micropipette. Then the pellet was air-dried. 
The pellet was resuspended in 70 µl of TAE buffer (40 mM Tris-acetate 
[pH 8.0], 1 mM disodium EDTA) if the pellet would be used immediately. An 
aliquot of the resuspended DNA was added to 1 ml of autoclaved distilled water. 
OD260 and OD280 were measured to determine the concentration and purity of 
extracted DNA. The pellet was stored in 95% ethanol at 4ºC. 
 
3.8.2. Primer description and PCR (polymerase chain reaction)  
Basic information of one pair of primer [MYRO] tested was listed out in 
Table 3. PCR programs were set up for the [MYRO] primers (Table 4). After an 
initial denaturing step [95°C for MYRO; according to the manufacturer’s 
description (Proligo LLC, USA)] for 5 min, PCR cycles were performed 
according to Table 4, followed by final extensions at 72°C for 7 min. 
The PCR amplification was performed in a half eaction mixture with a 
total volume of 25 µl for each sample. Each of this mixture contained 1.5 mM of 
MgCl2, 10 µM of deoxynucleotide triphosphate (dNTPs, Promega, US), 2.5 µl 
of 10 × PCR buffer (including 500 mM KCl, 100 mM Tris pH 9.0, 1% Triton 
X-100, 20 mM MgCl2), 10 µM of primers (both forward and reverse), 1 µl of 
Taq Polymerase (50 mM Tris pH 8.0, 50 mM KCl, 0.1mM EDTA, 1 mM DTT, 
1 mM PMSF, 50% glycerol), 25 ng of template DNA; 17.5 µl of autoclaved 
distilled water were added to adjust the total volume to 25 µl. The PCR 
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amplification used the programmable thermal controller according to the 
manufacture’s protocol (PTC-200, MJ). 
 
3.8.3. Gradient PCR and sequencing 
Gradient PCR programs were performed for the determination of the 
optimal annealing temperatures, which were chosen randomly by the 
programmable thermal controller (PTC-200, MJ) according to the temperatures 
described for the primers [MYRO]. 
Ten microgram (µg) of PCR products were analyzed using 1% agarose gel 
electrophoresis in the gel tank (Bio-Rad, Singapore). Big-dye PCR was 
conducted to prepare the samples for sequencing. The products obtained from 
Big-dye PCR were sequenced using an ABI PRISM genetic analyzer according 















Table 3. Basic information of the primer [MYRO] that was tested. 
  
Name of the primer Sequence (5’-3’) of the primer Primer size (base-pair) Annealing Temperature 
F   5’- GCTTCTTCATGGACTCGCTTTAG-3’ 23 54ºC MYRO 
R 5’- GAAAATCATATGAACCAGCAACGAG - 3’ 25 56ºC 
 











Table 4. PCR programs for the primer [MYRO] that was tested. 
 
Name Denaturing PCR cycles Final extension Keep 
Denature at 95°C 1 min 
Anneal at 54.3°C for 1 min 
MYRO 95°C 5min 30 cycles 
Extend at 72°C for 1 min 








CHAPTER IV. RESULTS 
──────────────────────────────── 
 
4.1. Effects of temperature and pH on myrosinase activity of Chinese 
flowering cabbage and Chinese kale 
We used two parameters to express myrosinase activity: total and specific 
activity of myrosinase. Assessment of myrosinase activity was based on 
measuring glucose released when the leaf tissue was incubated with the substrate 
sinigrin. Specific myrosinase activity was expressed as unit per mg of protein. 
One unit of myrosinase activity was defined as the amount of enzyme that 
catalyzed the hydrolysis of 1 µmol sinigrin per minute under the described 
conditions. 
Using sinigrin as the substrate, the optimum condition for myrosinase 
assay in Chinese flowering cabbage and Chinese kale was achieved at 35~40°C 
and pH 6~6.5.  
 
4.1.1. Optimal temperature for myrosinase 
The influence of incubation temperature on total myrosinase activity was 
studied in Chinese flowering cabbage and Chinese kale. Since specific 













20 25 30 35 40 45 50 55 60
























Figure 1. Influences of temperature on myrosinase activity in Chinese flowering 
cabbage and Chinese kale. The properties investigated were total activity of 
myrosinase. Each datum point is presented as mean standard error (vertical bar); 





protein was extracted under the same temperature, we only obtained the result of 
total myrosinase activity under different temperature.  
In both vegetables, total myrosinase activity (unit g-1 fresh weight of 
leaves) increased as the incubation temperature increased from 21°C to 40°C 
(Fig. 1). At 40°C, total myrosinase activities were about 11 and 12 times of those 
at 21°C in Chinese flowering cabbage and Chinese kale, respectively (Fig. 1). 
These values then declined rapidly as temperatures increased further (Fig. 1). At 
60°C, only about 10% of the myrosinase activity at 40°C was detected in the two 
Brassica vegetables (Fig. 1). The optimum temperature for myrosinase activity 
was 40°C in both Chinese flowering cabbage and Chinese kale (Fig. 1). At 
optimal temperature, total activity was 0.432 ± 0.003 unit g-1 FW in Chinese 
flowering cabbage and 0.734 ± 0.029 unit g-1 FW in Chinese kale (Fig. 1).  
 
4.1.2. Optimal pH value for myrosinase 
The influence of pH value of reaction buffer on total and specific 
myrosinase activity was studied in Chinese flowering cabbage and Chinese kale. 
The effects of pH on myrosinase activity of the crude extracts of both Chinese 
flowering cabbage and Chinese kale were shown in Fig. 2. Total activity of 
myrosinase increased steadily as the pH values increased from pH 4.65 to pH 
6.50 in both Chinese flowering cabbage and Chinese kale (Fig. 2A). Total 
activity remained relatively high (more than 90% of maximal total activity of 
myrosinase) between pH 6.0 and 6.5 (Fig. 2A). Total myrosinase activity in both 
vegetables decreased as pH value increased (Fig. 2A). The pH optimum of these 
two Brassica vegetables was between pH 6.0 and 6.5 (Figs. 2A & 2B). At the 
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optimal pH, total activities of myrosinase were 0.396 ± 0.023 units g-1 FW in 
Chinese flowering cabbage and 0.700 ± 0.023 unit g-1 FW in Chinese kale (Fig. 
2A). The changes in specific activity of myrosinase were almost the same as 
those of total myrosinase activity. Specific activity of myrosinase also increased 
as the pH increased from pH 4.65 to 6.00 in both Chinese flowering cabbage and 
Chinese kale (Fig. 2B). The highest specific activity of myrosinase was obtained 
at pH 6.0 (Fig. 2B). At pH 6.0, both Chinese flowering cabbage (0.021 ± 0.002 
unit mg-1 protein) and Chinese kale (0.0312 ± 0.001 unit mg-1 protein) showed 
the highest specific activity of myrosinase (Fig. 2B).  
Total soluble protein concentration in Chinese kale was always a bit higher, 
on the average, around 22% more than in Chinese flowering cabbage (Fig. 2C). 
Total soluble protein concentration increased as pH values increased in both 
Chinese flowering cabbage and Chinese kale (Fig. 2C). 
 
4.2. Chlorophyll concentration, chlorophyll fluorescence parameters, total 
anti-oxidant capacity, and myrosinase activity of marketable Brassica 
vegetables  
Six commonly eaten Brassica vegetables, Chinese kale [B. oleracea L. 
Alboglabra], cabbage [Brassica. oleracea L. Capitata], broccoli [B. oleracea L. 
Italica], cauliflower [B. oleracea L. Botrytis], Chinese flowering cabbage [B. 
chinensis var. parachinensis (Bailey)] and Chinese white cabbage [B. campestris 
L. pekinensis], purchased from the supermarket, were used in this part of the 
study. 
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Figure 2. Influences of pH on myrosinase activity in Chinese flowering cabbage 
and Chinese kale. The phosphate buffer was adjusted to different pH values for 
this experiment. The properties investigated were total activity of myrosinase (A), 
specific activity of myrosinase (B) and total soluble protein concentration (C). 




including Chinese kale, cabbage, Chinese flowering cabbage and Chinese white 
cabbage, were used to determine their chlorophyll concentrations (Fig. 3), 
chlorophyll fluorescence parameters (Fig. 4), anti-oxidant capacities (Fig. 5) and 
myrosinase activity (Fig. 6). The other two, which were broccoli and cauliflower, 
were non-leafy vegetables with floret heads. These two Brassica vegetables 
were used for the determination of only chlorophyll concentration (Fig. 3), 
anti-oxidant capacity (Fig. 5) and myrosinase activity (Fig. 6). 
 
4.2.1. Chlorophyll concentration 
Total chlorophyll concentration was highest in the green leaves of the 
Chinese flowering cabbage (237.650 ± 9.760 mg g-1 FW) (Fig. 3A). Cabbage 
and cauliflower contained the lowest amounts of total chlorophylls (3.367 ± 
0.167 mg mg-1 and 2.743 ± 0.210 mg g-1 FW, respectively) (Fig. 3A).  
Average values of chlorophyll a to chlorophyll b ratios were also different 
for the different vegetables (Fig. 3B). This ratio was no more than 1.000 in the 
cabbage and cauliflower (0.951 ± 0.131 and 0.818 ± 0.050 respectively) (Fig. 
3B). The highest ratio of chlorophyll a to chlorophyll b was found in the leaves 
of Chinese kale and Chinese floweing cabbage (2.435 ± 0.102 and 2.453 ± 
0.096 respectively) (Fig. 3B). 
Total carotenoid concentration was highest in the leaves of Chinese 
flowering cabbage (30.765 ± 0.878 mg g-1 FW) (Fig. 3C). Cauliflower and 
Chinese white cabbage contained the lowest amount of total carotenoid (0.208 ± 
0.009 mg g-1 FW and 0.2456 ± 0.030 mg g-1 FW, respectively) (Fig. 3C).  















































































































































Figure 3. Total chlorophyll concentrations (A), chlorophyll a to chlorophyll b 
ratios (B), total carotenoid concentrations (C) and total chlorophyll to total 
carotenoid ratios (D) of six commonly eaten Brassica vegetables. Each datum 




6 to 13 in the six Brassica vegetables studied (Fig. 3D). Cauliflower and 
Chinese white cabbage showed the highest values of 13.192 ± 0.810 and 12.372 
± 1.920, respectively (Fig. 3D).  
 
4.2.2. Chlorophyll fluorescence parameters 
Parameters of chlorophyll fluorescence in the four leafy Brassica 
vegetables studied were quite different. The potential quantum efficiency of 
open PSII reaction centers in the dark-adapted state (Fv/Fm) was lowest in 
cabbage (0.521 ± 0.003), and were all above 0.800 in the other three leafy 
vegetables (Chinese kale, Chinese flowering cabbage and Chinese white 
cabbage) (Fig. 4). The efficiency of excitation energy captured by open PSII 
reaction centers (Fv’/Fm’) was also lowest in the cabbage (0.246 ± 0.016) and 
were all above 0.750 in the remaining three vegetables studied (Fig. 4). The 
potential for non-cyclic electron transport (ΔF/Fm’) was lowest in cabbage as 
well (0.125 ± 0.001) and it was above 0.700 in the other three leafy Brassica 
vegetables studied (Fig. 4). 
Photochemical quenching (qP) was high in both Chinese flowering 
cabbage (0.962 ± 0.041) and Chinese kale (0.953 ± 0.065), and it was lowest in 
cabbage (0.508 ± 0.011) (Fig. 4). Non-radiative dissipation via the xanthophyll 
cycle (NPQ) was high in the Chinese white cabbage (0.495 ± 0.037) and 
cabbage (0.582 ± 0.048), and it was low in both Chinese flowering cabbage 
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Figure 4. Chlorophyll fluorescence parameters of the leaves of four leafy Brassica 








4.2.3. Total anti-oxidant capacity 
Total anti-oxidant capacity of the six vegetables studied was determined as 
the ascorbic acid equivalent (Fig. 5). Total anti-oxidant capacity was relatively 
high in Chinese kale, broccoli and Chinese flowering cabbage, and it was low in 
cabbage, cauliflower and Chinese white cabbage (Fig. 5). Among them, Chinese 
flowering cabbage showed the highest total anti-oxidant capacity (4.523 ± 0.577 
mg AA g-1 FW) (Fig. 5), while cauliflower showed the lowest total anti-oxidant 
capacity (0.018 ± 0.002 mg AA g-1 FW) (Fig. 5).  
 
4.2.4. Myrosinase activity  
In the six Brassica vegetables studied, total and specific activity of 
myrosinase were quite different. Total activities of myrosinase were all above 
0.08 unit g-1 FW (Fig. 6A). It was 1.179 ± 0.022 units g-1 FW in the Chinese kale, 
and 1.265 ± 0.073 unit g-1 FW in the broccoli. The lowest total myrosinase 
activity was found in the cabbage (0.083 ± 0.018 units g-1 FW) (Fig. 6A).  
Average specific activities of the six vegetables studied were all above 
0.018 unit mg-1 protein (Fig. 6B). Chinese white cabbage showed the highest 
specific activity of myrosinase (0.125 ± 0.013 unit mg-1 protein). Chinese 
flowering cabbage showed the lowest average specific activity (0.019 ± 0.003 
unit mg-1 protein) (Fig. 6B). 
The concentration of total soluble proteins in broccoli was the highest 
(20.895 ± 2.072 mg g-1 FW) (Fig. 6C). The lowest concentration of total soluble 









































Figure 5. Total anti-oxidant capacity (mg AA g-1 FW) of six commonly eaten 
Brassica vegetables. Each datum point is presented as mean standard error 











































































































Figure 6. Total myrosinase activity (A), specific activity of myrosinase (B) and 
total soluble protein concentration (C) in six commonly eaten Brassica vegetables. 





4.3. Effects of post harvest storage on chlorophyll concentration, total 
anti-oxidant capacity, and myrosinase activity in the leaves of Chinese 
flowering cabbage and Chinese kale 
Different post harvest treatments had different effects on chlorophyll 
concentration, total anti-oxidant capacity and myrosinase activity in the leaves 
of Chinese flowering cabbage and Chinese kale. The Brassica vegetables stored 
at 4°C in the refrigerator remained green in color for more than 10 days, while 
those vegetables stored at normal room temperature became yellow rapidly. On 
the 4th day, vegetables stored at normal room temperature had already been 
yellow.  Values of chlorophyll concentration, chlorophyll fluorescence 
parameters, total anti-oxidant capacity and myrosinase activity showed less 
changes under refrigerated storage than those kept in the room storage.  
 
4.3.1. Effects of post harvest storage on chlorophyll concentration 
During the ten days of refrigerated storage, total chlorophyll concentration 
declined with increased time of both refrigerated and room storage in the leaves 
of both Chinese flowering cabbage and Chinese kale (Fig. 7A & Fig. 8A). But it 
decreased more rapidly in the leaves of both Chinese flowering cabbage and 
Chinese kale stored at room temperature (Fig. 7A & Fig. 8A). On day 10 of 
refrigerated storage, total chlorophyll concentration was 65% and 73% of those 
in the leaves of Chinese flowering cabbage and Chinese kale at the beginning of 
the storage respectively (Fig. 7A & Fig. 8A). On day 4 of room storage, total 
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Figure 7. The effects of duration and temperature of post harvest storage on the 
total chlorophyll concentration (A), chlorophyll a/b ratio (B), total carotenoid 
concentration (C) and total chlorophyll to total carotanoids ratio (D) in the leaves 
of Chinese flowering cabbage. Each datum point is presented as mean standard 





















































































































Figure 8. The effects of duration and temperature of post harvest storage on the 
total chlorophyll concentration (A), chlorophyll a/b ratio (B), total carotenoid 
concentration (C) and total chlorophyll to total carotanoids ratio (D), in the leaves 





leaves of Chinese flowering cabbage and Chinese kale at the beginning of the 
experiment respectively (Fig. 7A & Fig. 8A).  
Chlorophyll a to b ratio did not show any obvious trend of change in the 
leaves of both Chinese flowering cabbage and Chinese kale under refrigerated 
storage (Fig. 7B & Fig. 8B). However, chlorophyll a to b ratio on the last day of 
refrigerated storage was lower than that on the first day of experiment, in both 
Chinese flowering cabbage and Chinese kale under refrigerated storage (Fig. 7A 
& Fig. 8B). At room temperature, chlorophyll a/b ratio declined quickly in the 
leaves of both Chinese flowering cabbage and Chinese kale. On the day 4 of 
room temperature storage, chlorophyll a/b ratio was only 72% and 87% of the 
ratio at the beginning of experiments, in the leaves of Chinese flowering 
cabbage and Chinese kale respectively (Fig. 7B & Fig. 8B). 
Total carotenoid concentration did not show any obvious trend of change 
in the leaves of both Chinese flowering cabbage and Chinese kale under 
refrigerated storage (Fig. 7C & Fig. 8C). However, total carotenoid 
concentration on the last day of refrigerated storage was lower than that on the 
first day of experiment in both Chinese flowering cabbage and Chinese kale 
under refrigerated storage (Fig. 7C & Fig. 8C). This parameter decreased more 
rapidly at room temperature in the leaves of both Chinese flowering cabbage and 
Chinese kale (Fig. 7C & Fig. 8C). On day 4 of room temperature storage, total 
carotenoid concentration already decreased to 60% and 75% of those at the 
beginning of the experiment, in the leaves of Chinese flowering cabbage and 
Chinese kale respectively (Fig. 7C & Fig. 8C).  
Total chlorophyll to total carotenoid ratio did not show any obvious trend 
of change in the leaves of both Chinese flowering cabbage and Chinese kale 
 72
under refrigerated storage (Fig. 7D & Fig. 8D). At room temperature storage, the 
ratio of total chlorophyll to total carotenoid dropped in both Chinese flowering 
cabbage and Chinese kale (Fig. 7D & Fig. 8D).  
 
4.3.2. Effects of post harvest storage on total anti-oxidant capacity 
During the ten days of refrigerated storage, total anti-oxidant capacity 
decreased slightly in the leaves of both Chinese flowering cabbage and Chinese 
kale (Fig. 9 & Fig. 10). No correlation between total anti-oxidant capacity and 
the duration of post harvest storage in the refrigerator was observed in the leaves 
of both Chinese flowering cabbage and Chinese kale. At room temperature, 
rapid decreases in total anti-oxidant capacity could be observed in the leaves of 
both Chinese flowering cabbage and Chinese kale (Fig. 9 & Fig. 10). 
 
4.3.3. Effects of post harvest storage on myrosinase activity  
The results obtained showed that myrosinase activity under the optimum 
assay conditions was highly dependent on the vegetable species and the 
conditions of post harvest storage (Fig. 11 & Fig. 12). Both the total activity and  
specific activity of myrosinase in the leaves of Chinese kale were at least two 
times higher than those in Chinese flowering cabbage (Figs. 11A & B & Figs. 
12A & B). During refrigerated storage, the total and specific activities of 
myrosinase declined during storage and were associated with a decrease in the 
quality of the vegetables (Figs. 11A & B & Figs. 12A & B). However, these two 
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Figure 9. The effects of duration and temperature of post harvest storage on the 
total anti-oxidant capacity in the leaves of Chinese flowering cabbage. Each 
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Figure 10. The effects of duration and temperature of post harvest storage on the 
total anti-oxidant capacity in the leaves of Chinese kale. Each datum point is 









Chinese kale stored at room temperature (Figs. 11A, B & Figs. 12A, B). 
In Chinese flowering cabbage, total activity of myrosinase remained 
almost unchanged from the day it was brought from the farm until the 4th day of 
refrigerated storage (Fig. 11A). Thereafter, total myrosinase activity in the 
leaves of Chinese flowering cabbage decreased as the duration of storage 
increased (Fig. 11A). By the 10th day of refrigerated storage, it was only around 
7% of the total myrosinase activity at the beginning of the experiment (Fig. 11A). 
Under room storage, total myrosinase activity already dropped sharply from the 
day it was brought from the farm (Fig. 11A). By the 4th day of room storage, it 
was only around 6% of the total myrosinase activity at the beginning of the 
experiment (Fig. 11A). 
In Chinese kale, such a decrease was observed on the 6th day under 
refrigerated storage (Fig. 12A). Before day 6, total myrosinase activity remained 
almost constant (Fig. 12A). Thereafter, total myrosinase activity in the leaves of 
Chinese kale decreased as the duration of storage increased (Fig. 12A). By the 
10th day of storage, total activity of myrosinase, though lower, was still around 
80% of that at the beginning of the experiment (Fig. 12A). Under room 
temperature, total myrosinase activity dropped sharply from the day it was 
brought from the farm (Fig. 12A). It was still around 48% of the total 
myrosinase activity by the 4th day of room storage, compared to that at the 
beginning of the experiment (Fig. 12A). 
In the leaves of both Chinese flowering cabbage and Chinese kale under 
refrigerated storage, specific activity of myrosinase did not decline until the 4th 
day of storage (Fig. 11B & Fig. 12B). On the 4th day, specific activity was even 
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Figure 11. The effects of duration and temperature of post harvest storage on the 
total myrosinase activity (A), specific activity of myrosinase and total soluble 
protein concentration (C) in the leaves of Chinese flowering cabbage. Each datum 









































































































Figure 12. The effects of duration and temperature of post harvest storage on the 
total myrosinase activity (A), specific activity of myrosinase and total soluble 
protein concentration (C) in the leaves of Chinese kale. Each datum point is 






(Fig. 11B & Fig. 12B). After day 4, specific enzyme activity in the leaves of 
Chinese flowering cabbage decreased faster than that in Chinese kale, as the 
duration of storage increased (Fig. 11B & Fig. 12B). On the 10th day of 
refrigerated storage, specific activity of myrosinase in the leaves of Chinese 
flowering cabbage was only 8% of that at the beginning, while it was still 
around 93% of that at the start of the experiment in the leaves of Chinese kale 
(Fig. 11B & Fig. 12B). At room temperature, specific activities of myrosinase in 
the leaves of both Chinese flowering cabbage and Chinese kale decreased more 
rapidly than those stored in the refrigerators (Fig. 11B & Fig. 12B). By the 4th 
day of room temperature storage, it was only 11% and 61% of the specific 
myrosinase activity at the beginning of the experiment in the leaves of Chinese 
flowering cabbage and Chinese kale respectively (Fig. 11B & Fig. 12B). 
Total soluble protein concentration in the leaves of both Chinese flowering 
cabbage and Chinese kale stored in the refrigerator did not show large change 
during the ten days of storage (Fig. 11C & Fig. 12C). However, total soluble 
protein concentration on the last day of refrigerated storage was lower than that 
on the first day of experiment in the leaves of both Chinese flowering cabbage 
and Chinese kale (Fig. 11C & Fig. 12C). Total soluble protein concentration 
decreased from the first day of room storage and declined quickly in the leaves 
of Chinese flowering cabbage and Chinese kale stored at the room temperature 






4.4. Effects of plant age and different [N] fertilizers on chlorophyll 
concentration, total anti-oxidant capacity and myrosinase activity in 
different plant organs of the seedlings of Chinese flowering cabbage during 
early establishment 
Seeds of Chinese flowering cabbage were grown in GA7™ containers in 
Hoagland solutions with different concentration of inorganic nitrogen (NH4NO3). 
All plants germinated on the 3rd day after sowing. The seedlings were allowed to 
grow for 11 days after sowing, to investigate to response of the seedling. Seeds 
were sown at a density of 0.1 g seeds in the area of 5×5 cm2. The seedlings were 
watered with the respective growth solutions every three days. 
Tissue samples of the leaves, stems and roots of the differently treated 
Chinese flowering cabbage plants were collected every other day from the 3rd 
day till the 11th day after sowing. Chlorophyll concentration, total anti-oxidant 
capacity and myrosinase activity were determined immediately after the harvest 
of the different plants.  
 
4.4.1. Chlorophyll concentration  
Concentrations of chlorophylls and carotenoids were determined in the 
leaves, stems and roots of all seedlings, and they changed differently in the 
different organs (Fig. 13).  
The total concentration of chlorophylls was different in the leaves of 
seedlings of Chinese flowering cabbage watered with 0N, 0.5N and 1N 
Hoagland solution and it increased with the age of the seedlings (Fig. 13A). It 













































































































































































































































































































































































































































































































































































































































































































































Figure 13. Effects of plant age and plant organ on total chlorophyll concentration (A: leaves, E: stems, I: roots), chlorophyll a/b ratio (B: 
leaves, F: stems, J: roots), total carotenoid concentration (C: leaves, G: stems, K: roots) and total chlorophyll to total carotenoid ratio (D: 
leaves,H: stems, L:roots) in the seedlings of Chinese flowering cabbage fertilized with 1N, 0.5N and 0N Hoagland solutions. Each datum 
point is presented as mean standard error (vertical bar).n=4. 
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watered with 0.5N and 0N solutions (Fig. 13A). The trend of change was similar 
in the leaves of seedlings watered with 1N and 0.5N Hoagland solution. The 
highest total chlorophyll concentration was observed on day 7 after sowing in 
both groups of plants (1.417 ± 0.034 mg g-1 FW and 1.265 ± 0.067 mg g-1 FW in 
the leaves watered with 1N and 0.5N Hoagland solution, respectively) (Fig. 
13A). However, the highest total chlorophyll concentration was observed on day 
9 after sowing in the leaves of plants watered with 0N Hoagland solution (1.202 
± 0.017 mg mg-1 FW) (Fig. 13A). The lowest total chlorophyll concentration was 
observed on day 3 after sowing in all seedlings (0.698 ± 0.050 mg g-1 FW, 0.598 
± 0.037 mg g-1 FW and 0.634 ± 0.019 mg g-1 FW in the leaves of plants watered 
with 1N, 0.5N and 0N Hoagland solution, respectively) (Fig. 13A). 
Chlorophyll a/b ratio was lowest on day 3 after sowing in the leaves of all 
seedlings (1.983 ± 0.075, 1.899 ± 0.069 and 1.766 ± 0.069 in plants watered 
with 1N, 0.5N and 0N Hoagland solution, respectively) (Fig. 13B).  
The total concentration of carotenoids was different in the leaves of 
seedlings watered with 0N, 0.5N and 1N Hoagland solution (Fig. 13C). Total 
carotenoid concentration changed in the same way in the leaves of Chinese 
flowering cabbages seedlings watered with 1N and 0.5N Hoagland solution, 
showing the highest total carotenoid concentration on day 7 after sowing (0.202 
± 0.007 mg g-1 FW and 0.181 ± 0.007 mg g-1 FW in the leaves of plants watered 
with 1N and 0.5N Hoagland solution, respectively) (Fig. 13C). However the 
highest total carotenoid concentration in the leaves was observed on day 5 in the 
plants watered with 0N Hoagland solution (0.283 ± 0.002 mg g-1 FW) (Fig. 13C). 
The lowest total carotenoid concentration in the leaves was observed on day 3 in 
all seedlings (0.098 ± 0.007 mg g-1 FW, 0.087 ± 0.002 mg g-1FW, and 0.098 ± 
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0.005 mg g-1 FW in the leaves watered with 1N, 0.5N and 0N Hoagland solution, 
respectively) (Fig. 13C).  
Total chlorophyll to total carotenoid ratio did not show obvious changes in 
the leaves of the seedlings (Fig. 13D). 
The highest total chlorophyll concentration in the stems was observed on 
day 3 after sowing (0.143 ± 0.002 mg g-1 FW, 0.139 ± 0.002 mg g-1 FW and 
0.129 ± 0.003 mg g-1 FW in the stems of plants watered with 1N, 0.5N and 0N 
Hoagland solution, respectively) (Fig. 13E). The lowest total chlorophyll 
concentration was observed on day 7 after sowing in the stems of plants watered 
with various Hoagland solutions (0.042 ± 0.003 mg g-1 , 0.052 ± 0.007 mg g-1 
and 0.058 ± 0.003 mg g-1 in the plants watered with 1N, 0.5N and 0N Hoagland 
solution, respectively) (Fig. 13E).  
Chlorophyll a/b ratio in the stems also increased with the age of the 
seedlings (Fig. 13F). No obvious trends of change were observed in the stems of 
Chinese flowering cabbage seedlings watered with 0N, 0.5N and 1N Hoagland 
solution (Fig. 13F).  
The total concentration of carotenoid in the stems of plants increased from 
the 7th day after sowing and it was constantly low in all seedlings up to the 7th 
day (Fig. 13G). 
Total chlorophyll to total carotenoid ratio in the stems decreased with 
increased age of the seedlings but it did not vary among the seedlings (Fig. 
13H).  
The total concentration of chlorophylls in the roots decreased with the age 
of the seedlings from day 5 after sowing (Fig. 13I). The highest total chlorophyll 
concentrations in the roots were observed on day 5 after sowing (0.092 ± 0.002 
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mg g-1 FW, 0.089 ± 0.003 mg g-1 FW and 0.067 ± 0.003 mg g-1 FW in the roots 
of plant watered with 1N, 0.5N and 0N Hoagland solution, respectively) (Fig. 
13I). The lowest total chlorophyll concentrations in the roots were observed on 
day 11 after sowing (0.019 ± 0.000 mg g-1 FW, 0.021 ± 0.000 mg g-1 FW and 
0.020 ± 0.000 mg g-1 FW in the roots of plants watered with 1N, 0.5N and 0N 
Hoagland solution, respectively) (Fig. 13I) 
Chlorophyll a/b ratio in the roots increased with the age of the seedlings 
(Fig. 13J). No obvious trends of change were observed in the roots of Chinese 
flowering cabbage seedlings watered with 0N, 0.5N and 1N Hoagland solution 
(Fig. 13J).  
The total concentrations of carotenoids in the roots were highest on day 5 
after sowing (0.007 ± 0.001 mg g-1 FW, 0.007 ± 0.001 mg g-1 FW and 0.007 ± 
0.001 mg g-1 FW in the roots of plants watered with 1N, 0.5N and 0N Hoagland 
solution, respectively) (Fig. 13K). After day 5, total concentrations of 
carotenoids in the roots decreased with the increased age of the seedlings but it 
did not vary among the seedlings (Fig. 13K).  
Total chlorophyll to total carotenoid ratio in the roots decreased with the 
age of the seedlings and it was observed to be lowest on day 11 after sowing 
(7.332 ± 1.746, 8.823 ± 0.746, and 6.933 ± 0.693 in the roots of plants watered 
with 1N, 0.5N and 0N Hoagland solution, respectively) (Fig. 13L). 
Total chlorophyll concentration was much higher in the leaves than that in 
the stems and roots and it was lowest in the roots of Chinese flowering cabbage. 
The trends of changes of total chlorophyll concentration were very different in 
different organs of Chinese flowering cabbage seedlings (Figs. 17A, E, I) 
Chlorophyll a/b ratio was similar in the leaves and stems, but lower in the 
 85
roots of Chinese flowering cabbage. The trends of changes of chlorophyll a/b 
ratio were also very different in different organs of Chinese flowering cabbages 
(Figs. 17B, F, G).  
Total carotenoid concentration was similar in the leaves and stems, but 
lower in the roots of Chinese flowering cabbage. The trends of change of total 
carotenoid concentration were very different in different organs of Chinese 
flowering cabbage seedlings (Figs. 17C, G, K).  
Trends of change of total carotenoid concentration were also very different 
in different organs of Chinese flowering cabbage seedlings.  
 
4.4.2. Total anti-oxidant capacity  
The highest total anti-oxidant capacity of leaves was always observed on 
day3 after sowing (4.453 ± 0.218 mg AA g-1 FW, 4.424 ± 0.187 mg AA g-1 FW 
and 4.398 ± 0.200 mg AA g-1 FW in the leaves watered with 1N, 0.5N and 0N 
Hoagland solutions, respectively) (Fig. 14A). It then decreased before increasing 
again during the later days of growth (Fig. 14A). The lowest total anti-oxidant 
capacity was observed on day7 (1.074 ± 0.275 mg AA g-1 FW, 1.329 ± 0.233 mg 
AA g-1 FW and 1.223 ± 0.203 mg AA g-1 FW in the leaves of plants watered 
with 1N, 0.5N and 0N Hoagland solutions, respectively) (Fig. 14A).  
The highest total anti-oxidant capacity of stems was always observed on 
day 3 after sowing (1.495 ± 0.160 mg AA g-1 FW, 1.510 ± 0.106 mg AA g-1 FW 
and 1.297 ± 0.102 mg AA g-1 FW in the stems watered with 1N, 0.5N and 0N 
Hoagland solutions, respectively) (Fig. 14B). It then decreased before increasing 














































































































































































































Figure 14. Effects of plant age and plant organ on total anti-oxidant capacity in the leaves (A), stems (B), roots (C) of the seedlings of Chinese 







oxidant capacity was observed on day7 (0.876 ± 0.071 mg AA g-1 FW, 0.694 ± 
0.047 mg AA g-1 FW and 0.570 ± 0.041 mg AA g-1 FW in the stems of plants 
watered with 1N, 0.5N and 0N Hoagland solutions, respectively) (Fig. 14B).  
The highest total anti-oxidant capacity of roots was always observed on 
day 3 after sowing (0.872 ± 0.112 mg AA g-1 FW, 0.839 ± 0.093 mg AA g-1 FW 
and 0.719 ± 0.070 mg AA g-1 FW in the roots watered with 1N, 0.5N and 0N 
Hoagland solutions, respectively) (Fig. 14C). It then decreased before increasing 
again during the later days of growth (Fig. 14C). The lowest total anti-oxidant 
capacity was observed on day 7 (0.378 ± 0.008 mg AA g-1 FW, 0.300 ± 0.018 
mg AA g-1 FW and 0.269 ± 0.007 mg AA g-1 FW in the roots of plants watered 
with 1N, 0.5N and 0N Hoagland solutions, respectively) (Fig. 14C).  
In leaves, stems and roots, total anti-oxidant capacity was highest on day 3 
and lowest on day 7 after sowing (Fig. 14). It was highest in the leaves, lowest in 
the roots during the whole experiments (Fig. 14). 
 
4.4.3. Myrosinase activity  
In all the seedlings, total myrosinase activity of the leaves in the seedlings 
of Chinese flowering cabbage increased from the 3rd day after sowing and 
reached the highest value on the 7th day after sowing (Fig. 15A), thereafter it 
declined (Fig. 15A). Before it reached the maximum value, the concentration of 
inorganic nitrogen supplied to the seedlings did not affect the total myrosinase 
activity (Fig. 15A). However after the 7th day after sowing, total myrosinase 
activity was the lowest in the leaves of Chinese flowering cabbage seedlings 
watered with Hoagland solution containing no nitrogen (0N). On the 7th day 
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after sowing, it was only 26% of the total myrosinase activity (Fig. 15A). In the 
leaves of the seedlings watered with 1N Hoagland solution, total myrosinase 
activity was still 83% of that on the 7th day after sowing (Fig. 15A). In the 
leaves of the seedlings of Chinese flowering cabbage watered with 0.5N 
Hoagland solution, total myrosinase activity was 46% of that on the 7th day after 
sowing (Fig. 15A). 
Specific myrosinase activities of the leaves seemed to be affected by the 
amount of inorganic nitrogen supplied to the plants (Fig.15B). From the 3rd day 
after sowing, specific activity of myrosinase increased until it reached the 
highest value, and it then declined until the last day of measurement in the 
leaves of plants watered with Hoagland solutions with different nitrogen 
concentration (Fig. 15B). Although the lowest specific activity of the seedlings 
was observed on the 3rd day after sowing (0.005 ± 0.000 unit mg-1 protein, 0.005 
± 0.002 unit mg-1 protein and 0.005 ± 0.001 unit mg-1 protein in seedlings 
watered with 0N, 0.5N and 1N Hoagland solutions, respectively), the highest 
specific myrosinase activity in the leaves watered with 1N and 0.5N Hoagland 
solution was observed on the 7th day after sowing (0.189 ± 0.001 unit mg-1 
protein and 0.284 ± 0.013 unit mg-1 protein in the 0.5N and 1N Hoagland 
solutions, respectively); it was highest on the 9th day after sowing in the leaves 
of the seedlings watered with 0N Hoagland solutions (0.061 ± 0.006 unit mg-1 
protein) (Fig. 15B).  
Total soluble protein concentration in the leaves of all the seedlings 
decreased with increased seedling age (Fig. 15C). 
As in the leaves, total myrosinase activity of the stems of the Chinese 







































































































































































































































































































































































































































































































































































































































Figure 15. Effects of plant age and plant organ on total myrosinase activity (A: leaves, D: stems, G: roots), specific activity of myrosinase (B: 
leaves, E: stems, H: roots) and total soluble protein concentration (C: leaves, F: stems, I: roots) in the Chinese flowering cabbage seedlings 
fertilized with 1N, 0.5N and 0N Hoagland solutions. Each datum point is presented as mean standard error (vertical bar).   n=4. 
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reached the highest value on the 7th day after sowing, thereafter it declined (Fig. 
15D). Total myrosinase activity was highest in the stems of seedlings watered 
with 1N Hoagland solution and lowest in the stems of seedlings watered with 
0N Hoagland solution (Fig. 15D). From the 7th day after sowing, total 
myrosinase activity decreased most sharply in the stems of the seedlings 
watered with 0N Hoagland solution, and it was only 17% of the total 
myrosinase activity on the 7th day after sowing, by the end of the experiments 
(Fig. 15D). In the stems of the seedlings watered with 0.5N and 0N Hoagland 
solutions, total myrosinase activity was 83% and 76% respectively of that on the 
7th day after sowing (Fig. 15D).  
Specific myrosinase activity in the stems of seedlings showed similar 
change to that of total myrosinase activity (Fig. 15D). The specific myrosinase 
activity was lowest on the 3rd day after sowing (0.032 ± 0.002 unit mg-1 protein, 
0.028 ± 0.005 unit mg-1 and 0.029 ± 0.001 unit mg-1 protein in the seedlings 
watered with 0N, 0.5N and 1N Hoagland solutions, respectively) (Fig. 15D). 
The highest specific myrosinase activity in seedlings watered with 1N and 0.5N 
Hoagland solutions was observed showed in the stems on the 7th day after 
sowing (0.207 ± 0.000 unit mg-1 protein and 0.354 ± 0.004 unit mg-1 protein in 
the 0.5N and 1N Hoagland solutions, respectively). It was highest on the 9th day 
after sowing in the stems of the seedling watered with 0N Hoagland solution 
(0.122 ± 0.001 unit mg-1 protein) (Fig. 15E).  
Total soluble protein concentration in the stems of the seedlings watered 
with various fertilizers did not show obvious trends of changes during the whole 
period of growth (Fig. 15F). 
Total myrosinase activity of the roots in the Chinese flowering cabbages 
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seedlings increased from the 3rd day after sowing and reached the highest value 
on the 7th day after sowing; thereafter it declined (Fig. 15G).  
Specific myrosinase activity of the roots differed with different fertilizers 
(Fig. 15H). The lowest specific myrosinase activity was observed in the 
seedlings on the 3rd day after sowing (0.063 ± 0.002 unit mg-1 protein, 0.064 ± 
0.001 unit mg-1 protein and 0.070 ± 0.003 unit mg-1 protein in the seedlings 
watered with 0N, 0.5N and 1N Hoagland solutions respectively). The highest 
specific myrosinase activity in the roots watered with 1N and 0.5N Hoagland 
solutions were observed on the 7th day after sowing (0.220 ± 0.001 unit mg-1 
protein and 0.344 ± 0.022 unit mg-1 protein in the 0.5N and 1N Hoagland 
solutions respectively). The highest specific myrosinase activity in the roots 
watered with 0N Hoagland solution was observed on the 9th day after sowing in 
the roots of the seedlings (0.220 ± 0.016 unit mg-1 protein) (Fig.15H).  
Total soluble protein concentration in the roots of the Chinese flowering 
cabbage seedlings watered with various fertilizers did not show obvious trends 
of changes during the whole period of growth (Fig. 15I). 
Total myrosinase activity was highest in the stems and lowest in the roots. 
The trends of changes in the leaves, stems and roots were quite similar in the 
Chinese flowering cabbage seedlings (Figs. 15A, D, G). 
Specific activity of myrosinase was similar in the stems and roots, but 
lower in the leaves. The trends of changes in the leaves, stems and roots were 
quite similar in all the Chinese flowering cabbage seedlings (Figs. 15B, E, H).  
Total soluble protein concentration was highest in the leaves and lowest in 
the roots. The trends of changes in the stems and roots were similar but different 
in the leaves of the Chinese flowering cabbage seedlings (Figs. 15 C, F, I). 
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4.5. Effects of plant age on chlorophyll concentration, total anti-oxidant 
capacity, and myrosinase activity in different organs of mature plants of 
Chinese flowering cabbage  
Seeds of Chinese flowering cabbage were grown in small pots, watered 
with full-strength Hoagland solution every three days. Germination of seeds 
started from the 5th day after sowing. By the 10th day after sowing, the leaves, 
stems and petioles were already formed and easily separated. These three parts 
were collected every five days from day 10 after sowing until the 25th day after 
sowing for experiments. 
  
4.5.1. Chlorophyll concentration 
Total chlorophyll concentration was much higher in the leaves than those 
in the stems and petioles (Fig. 16A). It was lowest in the stems (Fig. 16A). In the 
leaves, the highest total chlorophyll concentration was observed on the 15th day 
after sowing (1.426 ± 0.053 mg g-1 FW); thereafter it decreased to 73% of that of 
on the 15th day after sowing (Fig. 16A). Total chlorophyll concentration in the 
stems and petioles remained almost unchanged during the whole period of 
growth (Fig. 16A). 
In the leaves, the highest chlorophyll a to b ratio was observed on the 15th 
day after sowing (2.513 ± 0.182); thereafter it decreased (Fig. 16B). However in 
the stems and petioles, the highest ratio was observed on the 10th day after 
sowing (2.566 ± 0.182 and 2.562 ± 0.215 in the stems and petioles, respectively), 
and it decreased in both plant parts as the plant ages increased (Fig. 16B).  


























































































































Figure 16. Effects of plant age on total chlorophyll concentration (A), chlorophyll 
a/b ratio (B), total carotenoid concentration (C) and total chlorophyll to total 
carotenoid ratio (D) in different plant organs of Chinese flowering cabbage. Each 
datum point is presented as mean standard error (vertical bar). n=4. 
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lowest in the stems (Fig. 16C). In the leaves, the highest total chlorophyll 
concentration was observed on the 15th day after sowing (0.225 ± 0.010 mg mg-1 
FW); thereafter it decreased to 47% of that on the 15th day after seeds growing 
in the leaves (Fig. 16C). Total carotenoid concentration in the stems and 
petioles remained almost unchanged during the whole period of growth (Fig. 
16C). 
Total chlorophyll to total carotanoid ratio seemed to increase with 
increased plant age in the leaves of the Chinese flowering cabbage plant (Fig. 
16D). It showed no obvious trend of change in the stems and petioles of the 
Chinese flowering cabbage plant (Fig. 16D).  
 
4.5.2. Total anti-oxidant capacity  
Total anti-oxidant capacity of all the different organs of the Chinese 
flowering cabbage plants increased with plant age. It was highest in the leaves 
and lowest in the stems (Fig. 17). The lowest value of total anti-oxidant capacity 
was observed in all parts of the plants on the 10th day after sowing (1.636 ± 
0.055 mg AA g-1 FW, 1.222 ± 0.068 mg AA g-1 FW and 1.326 ± 0.063 mg AA 
g-1 FW in the leaves, stems and petioles, respectively) (Fig. 17). On the 20th day 
after sowing, it was highest in all three parts of the Chinese flowering cabbages 
plants (3.299 ± 0.118 mg AA g-1 FW, 1.562 ± 0.173 mg AA g-1 FW and 1.963 ± 
0.185 mg AA g-1 FW in the leaves, stems and petioles, respectively) (Fig. 17).  
On the 25th day after sowing, anti-oxidant capacity in all plant parts was only 
slightly higher than that observed at the beginning of the experiment (2.641 ± 







































Figure 17. Effects of plant age on total anti-oxidant capacity in different plant 
organs of Chinese flowering cabbage. Each datum point is presented as mean 






g-1 FW in the leaves, stems and petioles, respectively) (Fig. 17). 
 
4.5.3. Myrosinase activity  
The results obtained showed that total activity and specific activity of 
myrosinase were different in the different parts of the shoot of the Chinese 
flowering cabbage plants; they also varied with plant age (Fig. 18). 
Total myrosinase activity decreased with increased plant ages. In the 
leaves, stems and petioles of the Chinese flowering cabbage plant cultivated in 
the small pots, the highest total myrosinase activity was observed on the 10th day 
after sowing in all three organs (0.597 ± 0.055 units g-1 FW, 0.509 ± 0.043 units 
g-1 FW and 0.478 ± 0.020 units g-1 FW in the leaves, stems and petioles, 
respectively) (Fig. 18A). Thereafter, total myrosinase activity decreased as the 
duration of growth increased in all the three organs of Chinese flowering 
cabbage (Fig. 18A). Total myrosinase activity of the plants observed on the 25th 
day after sowing was only about 39%, 35% and 33% of that on the 10th day after 
sowing in the leaves, stems and petioles respectively (Fig. 18A). Total 
myrosinase activity in the leaves was much higher than those observed in the 
stems and in the petioles (Fig. 18A). Total activity myrosinase in the stems was 
slightly higher than that observed in the petioles (Fig. 18A). 
The highest specific myrosinase activity in the leaves, stems and petioles 
of the Chinese flowering cabbage plants was also observed on the 10th day after 
sowing (0.080 ± 0.010 units mg-1 protein, 0.727 ± 0.063 units mg-1 protein and 
0.184 ± 0.019 units mg-1 protein in the leaves, stems and petioles, respectively) 
(Fig. 18B). Thereafter, specific myrosinase activity decreased as the duration of 
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growth increased in all the three parts (Fig. 18B). Compared to the 
corresponding values at the beginning of the experiment, specific myrosinase 
activity was only around 27% in the leaves, 30% in the stems, and 32% in the 
petioles by the 25th day after sowing (Fig. 18B). The specific myrosinase activity 
was much higher in the stems of Chinese flowering cabbage than those in the 
leaves and petioles. The leaves exhibited the lowest specific myrosinase activity 
(Fig. 18B).  
Total soluble protein concentration in the leaves was much higher than 
those in the petioles and stems (Fig. 18C) and it was lowest in the stems (Fig. 
18C). It increased with increased age in the leaves of the plants. But no obvious 
trends of change were observed in the stems and roots during the whole period 
of growth days (Fig. 18C). 
 
4.6. Drought effects on chlorophyll concentration, chlorophyll fluorescence 
parameters, total anti-oxidant capacity, and myrosinase activity in the 
leaves of Chinese flowering cabbage 
Chinese flowering cabbage was grown in pots for 20 days after sowing in 
the field station of Agri-Food & Veterinary Authority of Singapore and then was 
brought to the green house of Department of Biological Sciences in NUS and 
used as experimental materials. The plants were divided into 2 groups: Plants in 
one group were well-watered every day as the experimental control; Plants in the 













































































































Figure 18. Effects of plant age on total myrosinase activity of myrosinase (A), 
specific activity of myrosinase (B) and total soluble protein concentration (C) in 
different plant organs of Chinese flowering cabbage. Each datum point is 





3rd days without watering, leaves of the drought Chinese flowering cabbage 
plant became yellow. 
 
4.6.1. Drought effect on chlorophyll concentration 
During the three days of drought experiments, the well-watered vegetables 
remained green in color. But the vegetables under drought treatment turned from 
green to yellow color day by day.  
Total chlorophyll concentration in the leaves of Chinese flowering 
cabbage without watering decreased with the increased duration of drought (Fig. 
19A). It was lowest on the third day of the experiment (1.483 ± 0.103 mg g-1 FW) 
(Fig. 19A). However, in the control vegetables watered every day, total 
chlorophyll concentration was almost constant (Fig. 19A). 
The ratio of chlorophyll a to chlorophyll b decreased slightly in the leaves 
of Chinese flowering cabbage without watering during the three days of drought 
treatment (Fig. 19B). It was lowest on the third day of the experiment (2.142 ± 
0.044) (Fig. 19B). However in the control vegetables watered every day, the 
ratio of chlorophyll a to chlorophyll b was almost constant (Fig. 19B). 
Total carotenoid concentration in the leaves of Chinese flowering cabbage 
without watering decreased with the increased duration of drought (Fig. 19C). It 
was lowest on the third day of the experiment (1.179 ± 0.011 mg g-1 FW) (Fig. 
19C). However, in the control vegetables watered every day, total carotenoid 
concentration was almost constant (Fig. 19C). 
The ratio of total chlorophyll to total carotenoid increased slightly in the 

























































































































Figure 19. Drought effects on total chlorophyll concentration (A), chlorophyll a to 
b ratio (B), total carotenoid concentration (C), total chlorophyll to total carotanoid 
ratio (D) in the leaves of Chinese flowering cabbage. The experimental control 
was plants that were well-watered everyday. Each datum point is presented as 




It was highest on the third day of the experiment (8.667 ± 0.412) (Fig. 19D). 
However in the control vegetables watered every day, the ratio of total 
chlorophyll to total carotenoid was almost constant (Fig. 19D). 
 
4.6.2. Drought effect on chlorophyll fluorescence parameters 
During the three days of drought experiment, the potential quantum 
efficiency of open PSII reaction centers in the dark-adapted state (Fv/Fm), the 
efficiency of excitation energy capture by open PSII reaction centers (Fv’/Fm’), 
and potential for non-cyclic electron transport (ΔF/Fm’) remained fairly 
constant in both control and drought treated vegetables (Figs. 20A-C). 
Photochemical quenching (qP) was also fairly constant throughout the 
three days in both control and drought treated vegetables (Fig. 20D). 
Non-radiative dissipation via the xanthophyll cycle (NPQ) in both control and 
drought treated vegetables remained almost unchanged during the three days of 
experiment (Fig. 20D). 
 
4.6.3. Drought effect on total anti-oxidant capacity 
Total anti-oxidant capacity was almost unchanged in the well-watered 
vegetables throughout the experiment (Fig. 21). It increased with increased 
drought treatment days in the vegetables under drought treatment (Fig. 21). 
 
4.6.4. Drought effect on myrosinase activity 














































































Figure 20. Drought effects on potential quantum efficiency of open PSII reaction 
centers (Fv/Fm) (A), efficiency of excitation energy capture by open PSII reaction 
centers (Fv'/Fm') (B), potential for non-cyclic electron transport (DF/Fm') (C), 
photochemical quenching (qP) (D), non-radiative dissipation via xanthophylls 
cycle (NPQ) (E) in the leaves of Chinese flowering cabbages. The experimental 
control was plants that were well-watered everyday. Each datum point is 





































Figure 21. Drought effects on total anti-oxidant capacity in the leaves of Chinese 
flowering cabbage. The experimental control was plants that were well-watered 














































































































Figure 22. Drought effects on total myrosinase activity (A),specific activity of 
myrosinase (B) and total soluble protein concentration (C) in the leaves of 
Chinese flowering cabbages. The experimental control was plants that were 
well-watered everyday. Each datum point is presented as mean standard error 




activity and the specific activity of myrosinase were fairly constant in the 
well-watered plants of Chinese flowering cabbage (Fig. 22). However, both 
these two parameters decreased rapidly in the leaves of Chinese flowering 
cabbage under drought treatment (Fig. 22A & Fig. 22B). The vegetables without 
watering for 3 days showed only 0.067 ± 0.002 unit g-1 FW of total myrosinase 
activity and specific activity of 0.006 ± 0.004 unit mg-1 protein, which were both 
around 11% of the well-watered control vegetables. Total soluble protein 
concentration of the well-watered and drought treated vegetables remained 
almost unchanged (around 11-12 mg g-1 FW) during this period (Fig. 22C). 
 
4.7. Total anti-oxidant capacity and myrosinase activity in the leaves of 16 
different cultivars of Chinese flowering cabbage (of marketable types)  
Sixteen different cultivars of Chinese flowering cabbage freshly harvested 
from Agri-Food & Veterinary Authority of Singapore were used for the 
determination of their myrosinase activity and anti-oxidant capacity. The results 
showed that although the plants belonged to the same species [B. chinensis var. 
parachinensis (Bailey)], they exhibited large differences in both total 
anti-oxidant capacity and myrosinase activity. 
 
4.7.1. Total anti-oxidant capacity 
The results obtained showed that anti-oxidant capacities varied greatly in the 
leaves of all the cultivars studied (Fig. 23). The total anti-oxidant capacity was 
highest in the cultivar of C2 (3.137 ± 0.225 mg AA g-1 FW) and lowest in the 
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Figure 23. Total anti-oxidant capacity of the leaves of sixteen different cultivars 
of Chinese flowering cabbage. Each datum point is presented as mean standard 





4.7.2. Myrosinase activity  
The results obtained showed that both total and specific activities of 
myrosinase were highly dependent on the variety of Chinese flowering cabbage 
(Fig. 24A & Fig. 24B). Plants of Chinese flowering cabbage that showed high 
total myrosinase activity also exhibited high specific myrosinase activity (Fig. 
24A & Fig. 24B). 
Total and specific activities of myrosinase were very low in the cultivars 
of C2 (0.032 ± 0.001 unit g-1 FW and 0.002 ± 0.000 unit mg-1 protein, 
respectively), 1 (0.043 ± 0.001 unit g-1 FW and 0.003 ± 0.000 unit mg-1 protein, 
respectively) and 17 (0.032 ± 0.002 unit g-1 FW and 0.002 ± 0.000 unit mg-1 
protein, respectively) (Fig. 24A and Fig. 24B). Total and specific activities of 
myrosinase were very high in the cultivars of 15 (2.963 ± 0.157 unit g-1 FW and 
0.161 ± 0.011 unit mg-1 protein, respectively), 11 (2.566 ± 0.072 unit g-1 FW and 
0.157 ± 0.015 unit mg-1 protein, respectively) and 7 (2.152 ± 0.084 unit g-1 FW 
and 0.136 ± 0.006 unit mg-1 protein, respectively) (Fig. 24A & Fig. 24B).  
Total soluble protein concentration varied in all the cultivars and their 
values were between 13 to 23 mg g-1 FW (Fig. 24C). The highest value was 
observed in the cultivar of C1 (22.619 ± 1.203 mg g-1 FW) and it was lowest in 
the cultivar of C3 (10.946 ± 0.684 mg g-1 FW) (Fig. 24C). 
In these 16 cultivars, the cultivar with high total anti-oxidant capacity had 
low total myrosinase activity (Figs. 23&24). Fig. 25 showed the correlation 
between total anti-oxidant capacity and total myrosinase activity in the 16 
cultivars. The correlation coefficient (R2) value obtained was 0.9594, which 







































































































Figure 24. Total myrosinase activity (A), specific activity of myrosinase (B) and 
total soluble protein concentration (C) in the leaves of sixteen different cultivars 
of Chinese flowering cabbages. Each datum point is presented as mean standard 
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Figure 25. Correlation between total myrosinase activity and total anti-oxidant 







4.8. Molecular study on myrosinase in the leaves of 16 different cultivars of 
Chinese flowering cabbage  
Some molecular work was conducted in order to study the homology of 
myrosinase sequence in the different cultivars of Chinese flowering cabbage [B. 
chinensis var. parachinensis (Bailey)]. Leaf samples collected from the various 
plants were used for total genomic DNA extraction. PCR programs were setup 
according to the annealing temperature of primer (Table 3 & 4).  
Among the 16 cultivars, the MYRO gene was successfully detected only in 
the leaves of cultivar 6. More than one band of MYRO gene was detected in 
cultivars 4, 5 and 18. In the leaf samples of other cultivars, no band for the 
MYRO gene was detected with gel electrophoresis analysis after PCR (Plate 2). 
However, the sequencing analysis of the PCR product of MYRO gene from 


















Plate 2. Agarose gel electrophoresis of PCR products. The PCR programs were 
performed according to the annealing temperatures of the pair of primers of 










CHAPTER V. DISCUSSION 
──────────────────────────────── 
 
Cruciferous vegetables are one of the healthiest and most nutritious 
vegetables. Within this group (or so called Cruciferae or Brassicaceae family), 
there is the Brassica genus which has both economic and scientific significance. 
The members of this genus may be collectively known either as cabbages, or as 
mustards. 
Many commonly eaten vegetables in Asia belong to Brassica genus, 
including Chinese kale [Brassica. oleracea L. Alboglabra], cabbage [B. 
oleracea L. Capitata], broccoli [B. oleracea L. Italica], cauliflower [B. oleracea 
L. Botrytis] and Chinese flowering cabbage [B. chinensis var. parachinensis], 
Chinese white cabbage [B. campestris L. pekinensis]. Most of these species or 
cultivars are also good sources of oil that may be used for edible purposes. All 
Brassica vegetables are jampacked with nutrients. For instance cabbage and 
cauliflower are good sources of eight vitamins, seven minerals, dietary fiber and 
proteins (Ensminger & Esminger, 1986). The most amazing property of Brassica 
vegetables is that they contribute almost exclusively to our intake of a group of 
phytochemicals called glucosinolates, which are beneficial for human health. 
The glucosinolates are largely responsible for the sharp taste and pungent smell 
of cruciferous vegetables and are important anti-cancer agents (Fenwick et al., 
1994). However, the active compounds are not the glucosinolates themselves but 
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their hydrolysis products, isothiocyanates for instance. It has been shown that an 
extract of cruciferous vegetables, such as broccoli and cabbages, added to 
human breast cancer cells strongly inhibits growth of the cells, and the degree of 
inhibition is related to the amount of extract in the growth medium (Finley, 2003; 
Verhoeven et al., 1996; Willcox et al., 2003). When raw cruciferous vegetables 
are chewed, the plant cells are broken and myrosinase [EC 3.2.3.1] is released to 
hydrolyze the glucosinolates (Fenwick et al., 1994). The role of the 
myrosinase-mediated breakdown products of glucosinolates in reducing various 
types of cancers in human and animal cell models, and in plant defense against 
pest attack have also been widely studied (Rask et al., 2000). 
Another unique feature of plants in the crucifer family such as broccoli is 
that they are an excellent source of three notable anti-oxidants: vitamin E, 
vitamin C and vitamin A (through their high concentration of β-carotene) 
(Finley, 2003). These three vitamins team up to scavenge free radicals, which 
are highly interactive molecules that not only cause damage to the molecules 
with which they interact, but are also linked to a host of different diseases and 
health problems. These antioxidant vitamins have been proven to improve 
immune functions and are widely sold as nutritional supplements.  
The cruciferous vegetables are also known to be beneficial in the 
prevention of age-associated illnesses such as Alzheimer’s disease and cataracts 
(Granado et al., 2003). 
Although all fruits and vegetables are believed to contribute toward 
health-promoting benefits, the commonly eaten Brassica vegetables such as 
Chinese kale, cabbage, broccoli, cauliflower, Chinese flowering cabbage and 
Chinese white cabbage, make especially important contributions to Asian people 
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due to their high popularity of consumption in Asia. The level of glucosinolates 
ingested by humans depends on a variety of factors along the production and 
post harvest handling chain of Brassica vegetables (Mithen et al., 2000). Most 
likely, processing and food preparation of the vegetables affect mostly the 
glucosinolate content and consequently determine the final intake levels of 
health protective compounds. Processes such as chopping, cooking, or freezing 
influence the extent of hydrolysis of glucosinolates and the composition of the 
final hydrolysis products (Mithen et al., 2000). As most vegetables are processed 
in some way before consumption, the effects of processing should be taken into 
account in order to make accurate estimates of dietary intake of these protective 
compounds (Mithen et al., 2000). Hence, control of glucosinolate levels and 
myrosinase activity in Brassica vegetables is highly desirable.  
Myrosinase (EC 3.2.3.1), a thioglucoside glucohydrolase, is the only 
enzyme complex able to hydrolyse glucosinolates, a unique family of molecules 
bearing an anomeric O-sulfated thiohydroximate function (Bourderioux et al., 
2005). The results of Husebye et al. (2002) suggest a cellular separation of the 
enzyme of myrosinase and the substrate of glucosinolates, and that myrosinase is 
contained in distinct cells. Li and Kushad (2004) also found that there were no 
correlations between total glucosinolates levels and myrosinase activity in the 
roots and leaves, suggesting that the two are independently regulated and are site 
specific. Over the years, most research has been focused on the study of health 
effects of glucosinolates and their reaction products (Myzak et al., 2004). 
However, the enzyme, myrosinase, which is responsible for the hydrolysis of 
glucosinolates, has long been overlooked. Only little information about 
myrosinase stability during processing is available. 
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The aim of this series of studies was to investigate the behavior of the 
myrosinase system together with other physiological characters, such as total 
anti-oxidant capacity and chlorophyll concentration, in commonly eaten 
Brassica vegetables in Asia, exposed to a broad range of pre- and post-harvest 
treatments. Data obtained would provide an extensive profile of myrosinase and 
other phytochemical properties of these Brassica vegetables, for a better 
understanding of their nutritional value. The variation of myrosinase- 
glucosinolate system can dramatically impact a plant's fitness in response to 
attack by various pests (Tsao et al., 1996). Thus our study on the 
glucosinolate-myrosinase system, typical of the Brassicaceae family, may also 
provide a natural alternative for controlling some soil borne pathogens due to the 
negative effect of the glucosinolate-myrosinase system on herbivores. 
Up to now, a wide array of methods for the determination of myrosinase 
activity has been described. These vary from simple photometric estimation to 
highly sophisticated assays using radioactively labelled substrates (Kleinwächter 
& Selmar, 2004). A commonly used method is the hydrolysis of glucosinolate 
(sinigrin), which produces detectable amounts of D-glucose that can be 
colorimetrically measured and used as a quantitative measure of myrosinase 
activity in the vegetables. Several studies have measured the amount of glucose 
released from glucosinolates to quantify the activity of myrosinase purified from 
plant tissues (Jwanny et al., 1995; Ludikhuyze et al., 1999; Wilkinson et al., 
1984). Sinigrin, a glucosinolate extracted from horseradish (Armoracia 
rusticana), has been used in these studies routinely as a substrate for myrosinase. 
Antioxidants have received increased attention by nutritionists and 
medical researchers for their potential effects in the prevention of chronic and 
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degenerative diseases such as cancer and cardiovascular disease as well as aging 
(Ames et al., 1993 & 1995; Diaz et al., 1997; Young & Woodside, 2001). 
Epidemiological studies have provided evidence of an inverse association 
between diets rich in fruits and vegetables and these diseases (Block et al., 1992; 
Joshipura et al., 1999; Ness & Powles, 1997). These health promotive effects 
may be related to components in the foods with antioxidant activity (Kaur & 
Kapoor, 2001). The ability of antioxidants to scavenge free radicals in the 
human body and thereby decrease the amount of free radical damage to 
biological molecules like lipids and DNA may be one of their protective 
mechanisms (Wu et al., 2004).  
The accurate assessment of oxidative stress in biological systems is a 
problem for all investigators working on the role of free radical damage in 
disease. Numerous assays have been described to measure various free radical 
damage products or antioxidant status, and the concept of a single test that might 
reflect total antioxidant capacity is an attractive one. The total antioxidant 
capacity refers to a full spectrum of antioxidant activity against various reactive 
oxygen/nitrogen radicals. Several methods have been developed recently for 
measuring the total antioxidant capacity of food and beverages (Benzie & Strain, 
1999; Pellegrini et al., 2000; Wang et al., 1997); these assays differ in their 
chemistry (generation of different radicals and/or target molecules) and in the 
way end points are measured (Pellegrini et al., 1999). Because different 
antioxidant compounds may act in vivo through different mechanisms, no single 
method can fully evaluate the total anti-oxidant capacity of foods. A rapid, 
simple and inexpensive method to measure antioxidant capacity of food involves 
the use of the free radical, 2,2-diphenyl-1-picrylhydrazyl (DPPH) (Miliauskas et 
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al., 2004). The DPPH free radical method is widely used to test the ability of 
compounds to act as free radical scavengers or hydrogen donors, and to evaluate 
antioxidant activity of foods. It has also been used to quantify antioxidants in 
complex biological systems in recent years. The DPPH free radical method can 
be used for solid or liquid samples and is not specific to any particular 
antioxidant component, but applies to the overall antioxidant capacity of the 
sample. A measure of total antioxidant capacity will help us understand the 
functional properties of the vegetables. This is also an easy, rapid and accurate 
method for determining the antioxidant capacity of fruit and vegetable juices or 
extracts, suggested by Kirby and Schmidt (1997).  
 
5.1. Effects of temperature and pH on myrosinase activity of Chinese 
flowering cabbage and Chinese kale 
Chinese kale and Chinese flowering cabbage were chosen for the 
experiments because of their popularity in food recipes of Asia. 
 
5.1.1. Optimum temperature for myrosinase 
The total and specific myrosinase activities were much higher in the 
Chinese kale than in the Chinese flowering cabbage. The optimum temperature 
for myrosinase assay in Chinese flowering cabbage and Chinese kale was within 
the range of 35~40°C. Total myrosinase activity was relatively low under 30°C 
and above 50°C (below half of the maximum value). 
Previous studies have shown that thermal treatment could inactivate 
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myrosinase. Jwanny (1995) showed that optimal myrosinase activity from radish 
root tissues was 37°C and complete deactivation of the myrosinase enzyme was 
achieved at temperature above 45°C. This optimum temperature value (37°C) 
was also found with turnip leaf myrosinase (Jwanny & El-Sayed, 1994), while 
the optimum temperature of S. alba and B. napus seed myrosinases was 60°C 
(Björkman, 1976). Springett and Adams (1989) showed that optimum 
temperature for myrosinase extracted from Brussels sprouts was 50°C and the 
inactivation temperature was at 60°C. The kinetics of myrosinase inactivation 
during thermal treatment has also been investigated in crude broccoli extracts by 
Ludikhuyze et al. (1999), who determined that thermal inactivation of 
myrosinase from broccoli proceeded in the temperature range 30-60°C. 
Myrosinase in a crude extract from red cabbage was stable up to 60°C, while 
myrosinase in a crude white cabbage extract was stable only up to 50°C (Yen & 
Wei, 1993). Thus, the optimum temperature and temperature stability of 
myrosinase extracted from the leaves of Chinese kale and Chinese flowering 
cabbages in this study was similar to those of myrosinase from other sources. 
These results indicated that myrosinase is rather thermolabile, as compared with 
other food quality related enzymes such as polyphenol oxidase and peroxidase. 
For instance, peroxidase could recover its activity after heat treatment and in 
horseradish peroxidase, reactivation has been reported to take place after partial 
inactivation at 70, 90 or 110°C (Thongsook & Barret, 2005). Polyphenol oxidase 
extracted from banana had an optimum temperature of 30ºC and was stable even 




5.1.2. Optimum pH value of myrosinase activity 
The pH value range used for this study was from 4.5 to 8.0. With sinigrin 
as the substrate, the optimum total and specific activities of myrosinase from the 
leaves of Chinese kale and Chinese flowering cabbages were shown to be pH 6.5. 
From pH 5.5 to pH 7, the myrosinase from Chinese flowering cabbage and 
Chinese kale also exhibited relatively high activities. 
The optimum pH value for myrosinese activity in leaves of Chinese kale 
and Chinese flowering cabbage in the present study was similar with some 
previous studies. Ohtsuru and Kawatani (1979) found that the optimum pH value 
for the myrosinase activity from Wasabia japonica was 6.5. Iori et al. (1996) 
also found that the optimum pH value for the myrosinase activity from ripe 
seeds of S. alba was 6.5. However, Yen and Wei (1993) reported that the 
optimum pH for myrosinase purified from cabbages (B. oleracea) was at pH 8.0. 
Bones & Rossiter (1996) showed that the optimum pH values for the myrosinase 
extracted from white mustard and rapeseed ranged from pH 4.5 to 4.9.  
Burmeister et al. (1997) suggested that several structural features might 
have contributed to the stability of myrosinase under the optimum pH values, 
which included high glycosylation of its surface, presence of numerous salt 
bridges, three disulfide bonds, and the reduced exposed surface due to the 
dimerization of the enzyme. The results from the present study showed that, at 
pH 4.0, myrosinase from both the Chinese flowering cabbage and Chinese kale 
had lost most of its activity, suggesting that it could not survive the acidic 
environment of the stomach (pH 4.0) and thus would not be able to breakdown 
intact glucosinolates in the digestive tract (Rouzaud et al., 2004). This lost of 
myrosinase activity might be due to partial deactivation of the enzyme (Rouzaud 
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et al., 2004).  
 
5.2. Chlorophyll concentration, chlorophyll fluorescence parameters, total 
anti-oxidant capacity, and myrosinase activity of the marketable Brassica 
vegetables  
Fully developed leaves from four commonly eaten Brassica vegetables, 
Chinese kale, cabbage, Chinese flowering cabbage and Chinese white cabbage, 
and floret head from other two commonly eaten Brassica vegetables broccoli 
and cauliflower, purchased from the supermarket, were used in this part of the 
study. Of the six Brassica vegetables studied, leaves of four leafy vegetables, 
including Chinese kale, cabbage, Chinese flowering cabbage and Chinese white 
cabbage, were used to determine their chlorophyll concentration, chlorophyll 
fluorescence parameters, total anti-oxidant capacity and myrosinase activity. The 
other two, which were broccoli and cauliflower, were non-leafy vegetables with 
floret heads. These two Brassica vegetables were used for the determination of 
only chlorophyll concentration, total anti-oxidant capacity and myrosinase 
activity. 
 
5.2.1. Chlorophyll concentration and chlorophyll fluorescence parameters  
In the present study, the growth conditions of six Brassica vegetables were 
unknown as they were all purchased from the market. These four leafy Brassica 
vegatebles showed different chlorophyll and carotenoid concentrations (on a 
leaf area basis). On a fresh weight basis, the concentration of total chlorophyll 
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of Chinese flowering cabbage was the highest among the six Brassica 
vegetables studied. This might be due to the much darker and more succulent 
leaves of Chinese flowering cabbage. Cabbage and cauliflower had the lowest 
amount of chlorophyll concentration among the six Brassica vegetables studied. 
This might be due to the pale color of the leaves of these two Brassica 
vegetables.  
Chlorophyll a:b ratio was also quite different in these six Brassica 
vegetables. This parameter is often used to characterize the development state of 
the photosynthetic apparatus and it is rather stable in fully green leaves of 
higher plants (Kouril et al., 1999); it can vary greatly depending on the 
physiological state of the plant. For instance, the chlorophyll a:b ratio of plants 
can be high at the beginning of the greening process (Schoefs et al., 1998) but it 
can reach much lower values during senescence (Grover & Mohanty, 1993). 
Chlorophyll a:b ratio is also higher in plants growing under higher PPFD 
(Photosynthetic photon flux density) than lower PPFD levels. For example, 
Fetene et al. (1990) observed that during acclimation to shade (a transfer from 
700-800 to 20-30 μmol m-2 s-1) of Bromelia humilis, chlorophyll a:b ratio 
reduced from 2.61 to 2.35 (in plants with nitrogen supplement) and 2.83 to 2.32 
(in plants without nitrogen supplement). Havaux et al. (2000) reported that 
chlorophyll a:b ratios were higher in the mature leaves of both wild-type 
(chlorophyll a:b = 2.25) and npq1 mutant (chlorophyll a:b = 2.42) plants of 
Arabidopsis under HL (high light, 1,500 μmol m-2 s-1) than those under LL (low 
light, 250 μmol m-2 s-1, 2.01 and 2.06 for wild-type and npq1 mutant plants, 
respectively). Müller-Moulé et al. (2003) reported that chlorophyll a:b ratio 
increased slightly in both wild type and mutant plants of A. thaliana after 5 days 
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in HL (10h at 1,800 μmol m-2 s-1). 
Four out of six Brassica vegetables were tested for the chlorophyll 
fluorescence parameters as they were the ones with leaves. Chlorophyll 
fluorescence provides a good, non-intrusive in vivo determination of 
photosynthetic radiant energy utilization (Maxwell & Johnson, 2000).  
One of the most common parameters used in fluorescence is the Fv/Fm 
ratio. Dark-adapted values of Fv/Fm reflect the potential quantum efficiency of 
PSII (Kitao et al., 2000); a reduction in Fv/Fm in plants might be associated 
with thermal damage of PSII reaction centers (Demmig & Bjökman, 1987; Weis 
& Berry, 1987), photoinhibitory mechanisms (Maxwell et al., 1994), and/or 
down-regulation of photosynthetic capacity (Herppich & Peckmann, 2000). 
Healthy terrestrial leaves have an Fv/Fm value of 0.832 ± 0.004, and any loss of 
this ratio is a stress response (Bolhàr-Nordenkampf & Öquist., 1993). Among 
these four vegetables, Chinese kale, Chinese flowering cabbage and Chinese 
white cabbage showed almost similar Fv/Fm values, typical of healthy plants 
and reflecting that these three Brassica vegetables were not subjected to 
photoinhibition and were optimally adapted to their prevailing growth 
conditions. But the Fv/Fm value of cabbage was very low, which might be 
related to their low chlorophyll concentration. 
In higher plants, Fv'/Fm', defined as (Fm' Fo')/Fm', reflects the 
photochemical efficiency of open PS II centers under a given light acclimation 
status (Genty et al., 1989). Fv'/Fm' generally varies inversely with qN, since 
nonphotochemical energy dissipation (qN) lowers the photochemical efficiency 
of PSII below the maximum levels reflected by Fv/Fm. A decrease in Fv/Fm, as 
occurs during photoinhibition of PS II activity, also results in a decrease in 
 123
Fv'/Fm'. Thus, in a plant, changes in the Fv'/Fm' parameter reflect the combined 
regulation of PSII through both reversible nonphotochemical quenching and 
photoinhibitory inactivation of PSII.  
The potential for non-cyclic electron transport (ΔF/Fm’) is an indicator of 
linear photosynthetic electron transport. The value of ΔF/Fm’ is related to 
photochemical quenching (qP) and the efficiency of excitation energy capture 
by open PSII reaction centers (Fv’/Fm’) as follows: [ΔF/Fm’ = qP × 
(Fv’/Fm’)] (Genty et al., 1989; Maxwell & Johnson, 2000). The much lower 
ΔF/Fm’ value of cabbage leaves compared with other three Brassica vegetables 
could be attributed to a low proportion of open PSII reaction centers (qP), and 
decreased efficiency of light energy capture by PSII (Fv’/Fm’) (Haag-Kerwer et 
al., 1996; de Mattos & Lüttge, 2001), which might be all related to the low 
chlorophyll concentration of these leaves.  
qP reflects the balance between excitation of PS II centers, which closes 
them, and removal of electrons from PS II by the electron transport chain, which 
reopens the centers. This balance, or excitation pressure on PS II, responds not 
only to incident light intensity (Clarke et al., 1995) but also to factors 
influencing electron flow away from PS II, such as temperature (Campbell et al., 
1995; Maxwell et al., 1995; Öquist et al., 1993) and the availability of terminal 
electron acceptors such as CO2 or O2 (Miller et al., 1990; Vermaas et al., 1994). 
Indeed, the pivotal position of PSII in photosynthetic electron transport means 
that environmental and metabolic signals are integrated into qP, which is thus a 
general index of the balance between energy capture and consumption.  
The Stern-Volmer formula, NPQ = (Fm-Fm’)/Fm’, is to measure the ratio 
of quenched to remaining fluorescence (Krause et al., 1982). NPQ indicates the 
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proportion of excess light energy radiated as heat, reflecting the proportion of 
closed PSII centers and the decreased capacity for absorbed light utilization 
(Bilger & Björkman, 1990; Kooten & Snel, 1990). High NPQ values in the 
Chinese white cabbage and cabbage could be the result of low photosynthetic 
capacity, as explained above.  
 
5.2.2. Total anti-oxidant capacity 
The relative total anti-oxidant capacity of the six Brassica vegetables 
evaluated by DPPH assays was as follows: Chinese flowering cabbage > 
broccoli  Chinese kale > Chinese white cabbage > cabbage > cauliflower. 
However, some previous studies obtained different results. In the study of Kaur 
and Kapoor (2002), total anti-oxidant capacity of cabbage > mustard > 
cauliflower. In the study of Ou et al. (2000), total anti-oxidant capacity of 
broccoli > cauliflower > Chinese white cabbage. These differences might be 
resulted from differences in stages of development and levels of plant maturity 
(Bones & Rossiter, 1996; Shapiro et al., 2001). 
The total antioxidant capacity refers to a full spectrum of antioxidant 
activity against various reactive oxygen/nitrogen radicals. Low total antioxidant 
capacity could be indicative of oxidative stress or increased susceptibility to 
oxidative damage. Thus, in terms of the nutritional value of antioxidants, 
Chinese flowering cabbage was the highest while cauliflower was the lowest in 




5.2.3. Myrosinase activity 
Total myrosinase activities in the leaf tissues of the six vegetables studied 
were very variable, ranging from 1.179 ± 0.022 units g-1 FW (in Chinese kale) to 
0.083 ± 0.018 units g-1 FW (in cabbage). Total myrosinase activity was high in 
both Chinese kale and broccoli. Total soluble protein concentration was also 
high in these two vegetables; hence, their specific activity of myrosinase was 
lower than Chinese white cabbage, which contained a relatively lower 
concentration of total soluble protein. Specific myrosinase activities in the leaf 
tissues of the six vegetables studied were highest in Chinese white cabbage 
(0.125 ± 0.013 unit mg-1 protein) and lowest in Chinese flowering cabbages 
(0.019 ± 0.003 unit mg-1 protein).  
The level of myrosinase activities studied in the six commercial Brassica 
vegetables studied were not the same with that found previously in other studies. 
For example, Li et al. (2002) found that specific myrosinase activity in 
cotyledon tissues of Brassica juncea was 0.35 unit g-1 FW in terms of the rate of 
hydrolysis of exogenous sinigrin by soluble protein extract of the cotyledons. 
These differences might be the result of differences in stages of plant 
development and levels of plant maturity (Bones & Rossiter, 1996; Shapiro et al., 
2001). Different plant cultivars, cultivation practices, climatic conditions and 
laboratory (extraction, purification and assay) techniques are also known to 
affect myrosinase activity (Bones & Rossiter, 1996) 
Bones (1990) reported that hypocotyls of B. napus had higher specific 
activity than cotyledons, but cotyledons had higher total activity and higher 
protein concentrations. Differences in protein concentration could be due to the 
extraction method being non-specific for the myrosinase protein. Also, different 
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proteins might accumulate in plant at different treatments. For example, heat 
shock proteins accumulate at high temperatures and cold acclimation proteins 
accumulate at low temperatures (Gilmour et al., 1988; Lindquist & Craig, 1988). 
Such variations in other plant proteins in addition to myrosinase could account 
for the observed changes when comparing total activity against specific activity 
across species. 
 
5.3. Effects of post harvest storage on chlorophyll concentration, total 
anti-oxidant capacity, and myrosinase activity in the leaves of Chinese 
flowering cabbage and Chinese kale 
Brassica vegetables are highly perishable, and they can be stored for only 
a brief period up to 7 days under room temperature. Longer storage of Brassica 
vegetables is undesirable because leaves discolor, buds may yellow and drop off, 
tissues soften, and nutrition lost. Post harvest storage of vegetables is interesting 
in that metabolism continues to occur, although the vegetables are detached from 
the nutrient source. Post harvest senescence in Brassica vegetables results in 
phenotypic changes similar to those seen in developmental leaf senescence, such 
as the loss of chlorophylls, deterioration of cellular structure and, finally, cell 
death (Page et al., 2001). The goal of post harvest storage technology is to 
manipulate vegetable metabolism during storage to extend product shelf life. In 
most cases, this involves slowing respiratory metabolism through 
low-temperature storage or storage in a high carbon dioxide atmosphere 
(Hardenburg et al., 1986). The results obtained suggested that storage at cooler 
temperatures could delay the symptoms of senescence in both Chinese flowering 
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cabbage and Chinese kale. 
 
5.3.1. Effects of post harvest storage on chlorophyll concentration 
During the storage period, leaves turned yellow as the obvious degradation 
of total chlorophylls occurred in both Chinese flowering cabbage and Chinese 
kale stored at room temperature. Such a change is a typical phenomenon of leaf 
senescence and it was also found in other crops such as Pisum sativum (sugar 
peas) (Ontai et al., 1992), Capsicum annuum (bell peppers) and Spinacia 
oleracea (spinach) (Watada et al., 1987), B. juncea (Indian mustard) and 
Amaranthus caudatus (Lazan et al., 1987). However, in the present study, this 
rapid loss of chlorophylls was retarded by refrigerated storage at 4ºC in Chinese 
flowering cabbage and Chinese kale.  
The present study showed that at room temperature, chlorophyll a to b 
ratio dropped quickly in the leaves of both Chinese flowering cabbage and 
Chinese kale. The progressive decrease of chlorophyll a to b ratio of Chinese 
flowering cabbage and Chinese kale stored at room temperature indicated a 
more rapid disappearance of chlorophyll a than chlorophyll b. The main role of 
the process of leaf senescence during normal plant development is to mobilize 
nutrients from the leaf for use in other parts of the plant. However, in harvested 
Brassica vegetables, senescence is induced artificially, as a stress response 
resulting from the removal of nutrient and water supplies (Page et al., 2001). 
Chlorophyll a may be more sensitive to this stress than chlorophyll b. Thus 
chlorophyll a to b ratio decreased quickly along with the storage duration. Cold 
storage could efficiently retard the degradation of chlorophyll a to a certain 
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extent. 
Total carotenoid concentration did not show any obvious change in the 
leaves of both Chinese flowering cabbage and Chinese kale under refrigerated 
storage. No correlation of the ratio of total chlorophyll to total carotanoid and 
the storage time at 4ºC was found either. Losses in total carotenoid concentration 
were reported in the leaves of some vegetables, especially under conditions 
favorable to wilting, high temperature, and light exposure (Kopas-Lane & 
Warthesen 1995; Simonetti et al., 1991). Both sweet pepper and Petroselinum 
crispum (parsley) lost over 20% of their total carotenoid concentration at cold 
room storage (7ºC) for nine days (Rodriguez-Amaya, 1997). Kale, collard, 
turnip greens, and rape underwent more rapid losses of carotenes under 
conditions favorable to wilting; high storage temperature aggravated these losses 
(Rodriguez-Amaya, 1997). In kale, average carotene losses were 1.6% at 0ºC, 
22.4% at 10ºC, and 66.7% at 21ºC after four days of storage. The corresponding 
losses for collard were 7.5, 34.3, and 67.9%. This loss of carotenoid probably 
was slower than the loss of chlorophyllS, thus leading to the slow decline of the 
total chlorophyll to total carotanoid ratio in the two Brassica vegetables studied. 
 
5.3.2. Effects of post harvest storage on total anti-oxidant capacity 
Antioxidants have important effects in the prevention of chronic and 
degenerative diseases such as cancer and cardiovascular disease as well as aging 
(Ames et al., 1993 & 1995; Diaz et al., 1997; Young & Woodside, 2001). The 
ability of antioxidants to scavenge free radicals in the human body and thereby 
decrease the amount of free radical damage to biological molecules like lipids 
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and DNA may be one of their protective mechanisms (Wu et al., 2004). Brassica 
vegetables are also rich in these healthy anti-oxidants. As the consumption of 
fresh-cut Brassica increases, it is important to take into account that processing 
(minimal processing or cooking) may affect total antioxidant capacities. To 
minimize the degradation of these antioxidant metabolites, it is essential to know 
the variation during storage and after post harvest processing. 
During refrigerated storage, neither of the two Brassica vegetables studied 
demonstrated an obvious decrease in their total antioxidant capacity. Thus, the 
antioxidant health benefits from these vegetables could be retained well after 
harvest if they could be properly preserved in the refrigerator until consumers 
eat them. However, a decrease in antioxidant activity was observed for those 
Brassica vegetables stored at normal room temperature in the present study. This 
was easy to understand, considering that at higher temperatures, oxidation 
process in plants would accelerate the decline of the antioxidants. These results 
were in agreement with some previous studies, such as the study of Vallejo et al. 
(2003). They found that room temperature could significantly reduce the levels 
of health-promoting compounds of post harvest broccoli but refrigerated storage 
could help to preserve the useful anti-oxidants in broccoli. The study of 
Bergquist et al. (2005) also showed that, for baby spinach, storage at 2ºC 
resulted in a smaller reduction in total anti-oxidant capacity than storage at 10ºC. 
 
5.3.3. Effects of post harvest storage on myrosinase activity  
The results obtained in this study showed that myrosinase activity in the 
two leafy Brassica vegetables under the optimum assay conditions was highly 
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dependent on the vegetable species and the conditions of post harvest storage. 
Leaves of Chinese kale showed higher myrosinase activity than the leaves of 
Chinese flowering cabbage. During storage at 4ºC, the activities of myrosinase 
declined more slowly and the decreases were associated with a slower 
deterioration of the quality of the Brassica vegetables than those stored at room 
temperature of 25ºC. 
The reason for the decreases of myrosinase activity was possibly that, 
during post harvest storage, cells of the Brassica vegetables might become 
disintegrated. Upon cell breakdown, myrosinase catalyses the hydrolysis of 
glucosinolates, producing D-glucose, sulfate ion and a series of compounds such 
as isothiocyanate, thiocyanate and nitrile, which also show toxicity to a range of 
fungi (Chew, 1988). However, refrigerated storage at 4ºC could successfully 
help retain the myrosinase activity for a longer time in the Brassica vegetables. 
There is limited information available relating to myrosinase metabolism in 
Brassica vegetables after harvest. The study of Page et al. (2001) showed that 
storage at 4ºC delayed the symptoms of senescence at both the biochemical and 
gene expression levels compared with storage at room temperature in broccoli. 
Gillies and Toivonen (1995) also suggested that refrigeration was the best 
preservation processes for maintaining high levels of some useful compounds in 
Brassica vegetables.  
The reduction in levels of total soluble proteins that occurred during the 
storage was similar to those previously reported. In the study of Zhuang et al. 
(1997), total soluble protein concentration decreased by more than 70% in 
broccoli buds stored at 23ºC, but storage of samples at 2°C maintained quality 
and prevented deterioration of proteins. The data obtained showed that the total 
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soluble protein concentration declined more markedly at room temperature than 
those stored at 4ºC and that might be due to the retardation of protein 
degradations under lower temperature (Zhuang et al., 1997). 
In summary, the results obtained showed that refrigerated storage at 4ºC 
could help to preserve myrosinase activity in Brassica vegetables better than 
those stored at room temperature of 25ºC. Consumers could have more health 
benefits from eating fresh, unspoiled Brassica vegetables that has been properly 
stored, where the myrosinase activity has been protected through the process of 
storage or preservation. In the present study, myrosinase activity of the leaves of 
Chinese flowering cabbage decreased a lot on the fourth day of storage at 4ºC 
although the color of the leaves still remained green under refrigerated storage. 
Thus the health benefits from consumption of the Chinese flowering cabbage 
after the fourth day under refrigerated storage decreased. The results obtained 
also indicated that myrosinase activity might be also used as an important 
indicator of the freshness of the vegetables. This indicator could be more reliable 
than the physical properties of vegetables in terms of nutritional value. 
 
5.4. Effects of plant age and different [N] fertilizers on chlorophyll 
concentration, total anti-oxidant capacity and myrosinase activity in 
different organs of the seedlings of Chinese flowering cabbage during early 
establishment 
Since glucosinolates contain a significant proportion of sulfur and nitrogen, 
it might be expected that fertilizers will influence the myrosinase levels and 
glucosinolate concentrations in Brassica crops (Bones & Rossiter, 1996). It has 
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been suggested that under conditions of sulfur deficiency, sulfur bound in 
glucosinolates of Brassica species can be remobilized by enzymatic cleavage 
with myrosinase (Bones & Rossiter, 1996). A decreasing sulfur supply to the 
plants results in a decrease of free sulphate and glucosinolate concentrations and 
an increase in myrosinase activity (Bones & Rossiter, 1996). This implies that 
the increase in myrosinase activity during sulfur stress could have the function 
of remobilization of sulphate sulfur from glucosinolates, because sulphate and 
isothiocyanates can be utilized as sulfur sources in the primary metabolism of 
the plants (Bones & Rossiter, 1996). Sulphate has also been shown to induce 
differential expression of myrosianses (Bones et al., 1994). 
This series of studies was designed to test whether nitrogen, like sulfur, 
would influence myrosinase activity and other physiological properties of the 
seedlings of Chinese flowering cabbage during early establishment. Seeds of 
Chinese flowering cabbage were grown in GA7™ containers in Hoagland 
solutions with different concentration of inorganic nitrogen (NH4NO3) under 
non-sterile conditions. 
 
5.4.1. Chlorophyll concentration 
Both total chlorophyll concentration and total carotenoid concentration 
were much higher in leaves than those of stem and roots of Chinese flowering 
cabbage seedlings under all treatments studied. These might have resulted from 
the different functions of plant organs. The leaf of a plant serves two basic 
functions, one is photosynthesis and the other is cellular respiration. The stems 
of plants provide support for the plant and transportation between roots and 
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leaves. The root system of a plant anchores the plant and absorbs water and 
mineral from the soil. Since leaves are better oriented for light capture and have 
higher coefficients of light absorption than stems and roots (Nilsen, 1992), they 
are the main plant organ with higher total concentration of chlorophylls to 
capture light for photosynthesis.  
From the present study, it seemed that nitrogen did not have obvious effect 
on chlorophyll parameters. Both the ratio of total chlorophyll to total carotanoid 
and chlorophyll a to b ratio in Chinese flowering cabbage seedlings changed 
irregularly along with the duration of growth. No obvious correlation between 
the ratio of total chlorophyll to total carotanoid and the duration of growth or 
the different parts of Chinese flowering cabbage seedlings was observed. Also, 
no obvious correlation between Chlorophyll a to b ratio and the different parts 
of Chinese flowering cabbage was observed.  
Nitrogen has the most direct impact on plant growth, but influence of 
nitrogen on phytonutritional quality is contradictory (Chenard et al., 2005). In 
the study of Chenard et al. (2005), increasing N in the nutrient solution 
increased plant chlorophyll and carotenoid concentrations in parsley. However 
Mozafar (1993) reported that N fertilization increased, decreased, or had no 
effect on vitamin and carotene contents of several vegetable species. 
Some previous studies showed that, although maternal plants endowed 
each seedling with sufficient nitrogen for initial development (Kitajima, 2002; 
Milberg et al., 1998; Walters & Reich, 2000), low nitrogen concentration in soil 
or nutrition solutions might substantially constrain subsequent plant growth in 
gaps (Bungard et al., 2000; Coomes & Grubb 2000). Photodamage was 
especially pronounced in plants with low nitrogen (Bungard et al., 2000). 
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Chlorophyll a to b ratios decreased slightly with leaf age in Ipomoea tricolor 
(Hikosaka, 1996). For tropical rainforest tree species, Bungard et al. (2000) 
found little response in chlorophyll a/b ratios to nitrogen, whereas Thompson et 
al. (1992) found lower chlorophyll a/b ratios in low nitrogen plants, a response 
opposite to the theoretical prediction. Increases of chlorophyll a/b ratios during 
acclimation of tropical woody seedlings to nitrogen limitation were also found 
by Kitajima & Hogan (2003). 
 
5.4.2. Total anti-oxidant capacity  
Leaves showed the highest anti-oxidant capacity while roots showed the 
lowest total anti-oxidant capacity in Chinese flowering cabbage seedlings 
watered with different nitrogen fertilizers. Leaves were expected to show highest 
antioxidant capacity because they were exposed to the air with the largest area, 
and they were also responsible for absorbing light for photosynthesis. High 
antioxidant activity was also found in the leaves of barley, Prunus, and 
Eucalytus, although the chemical properties and physiological role of their 
active principles are not yet fully understood (Osawa, 1994). However Nilsson 
et al. (2005) found that there were no variations in total antioxidant capacities 
between the various parts of the plants.  
In leaves, stems and roots of Chinese flowering cabbage seedlings watered 
with various fertilizers, the lowest total antioxidant capacity was observed on the 
7th day after sowing. The results obtained showed that total antioxidant capacity 
of Chinese flowering cabbage seedlings might be influenced by seedling age. 
Wu et al. (2004) also suggested that a number of factors including 
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environmental, genetics, and all of factors included in times of sampling as well 
as processing could impact the levels of antioxidants present in fruits and 
vegetables. These differences have to be considered in developing a database of 
food antioxidant capacity. Nitrogen did not have obvious effects on total 
anti-oxidant capacity in Chinese flowering cabbage seedlings. However, 
negative correlations were frequently found between the concentration of N in 
fruit during growth and at maturity in apples (Awad & Jager, 2002).  
 
5.4.3. Myrosinase activity  
Myrosinase activities changed along with the age of the plant in all three 
fertilizer treatments and in all three plant parts. They increased from the 
beginning and reached the highest level in the middle of the experimental 
process and then deceased with increased plant age. In the study of Wallace & 
Eigenbrode (2002), myrosinase levels in cotyledons declined with seedling age 
in B. juncea. Changes in the myrosinase activity throughout the plant’s 
development possibly have implications for the protection against pests and 
diseases.  
Total myrosinase activity was similar in the leaves and stems, but lower in 
the roots during growth of the seedlings watered with different fertilizers. These 
results were in agreement with that of Springett and Adams (1989). They 
investigated the distribution of myrosinase in Brussels sprouts (B. oleracea L. 
var. bullata subvar. gemmifera). Myrosinase activity was 4-5 times higher in the 
outer (older) leaves of the Brussels sprouts than in other plant organs (stalk, 
inner leaves and centre). However, Bones determined that roots of fully grown 
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plants had the highest myrosinase activity than other organs of mature plants 
(Bones, 1990). The different myrosinase activity showed in different organs may 
also be due to the different substrate specificity of different isoenzymes. 
Distribution of the myrosinase isoenzymes seems to be both organ-specific and 
species-specific (Bones & Rossiter, 1996). However little is known about the 
physiological reason for this difference. MacGibbon and Allison examined the 
isoenzyme pattern after electrophoretic separation of myrosinases of 7 species of 
Rhoeadales in 1970 (Bones & Rossiter, 1996). Each species was found to have a 
distinct pattern and the number of detectable bands varied from 1 to 4. 
MacGibbon and Allison also found different patterns depending on whether the 
extracts were made from leaf, stem, root or seed (Bones & Rossiter, 1996). 
Buchwaldt et al. (1986) reported that the crude extract from seeds of S. alba 
contained at least fourteen myrosinase isoenzymes. Isoelectric focusing in 
polyacrylamide gels of ethanol-powder preparations revealed two bands for B. 
nigra and B. napus and seven bands for S. alba (Buchwaldt et al., 1986). These 
different isoenzymes in different organs might have different substrate 
specificity. However little is known about the substrate specificity of myrosinase 
isoenzymes. The two myrosinases examined by James and Rossiter (1991) 
degraded different glucosinolates at different rates. However, both isoenzymes 
showed highest activity against aliphatic glucosinolates and least activity against 
indole glucosinolates. From their results it was evident that members of a given 
class of glucosinolates were apparently degraded at approximately the same rate 
in vitro. 
Nitrogen concentration in the fertilizer did not affect total myrosinase 
activity much in seedlings of Chinese flowering cabbage. However, specific 
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activity of myrosinase was quite different in Chinese flowering cabbage 
seedlings watered with different fertilizers. Specific activity of myrosinase was 
higher in the seedlings of Chinese flowering cabbage irrigated with 1N fertilizer 
than watered with 0.5N and 0N fertilizers. No previous studies tested the effect 
of nitrogen supplied to the plants on myrosinase activity.  
 
5.5. Effects of plant age on chlorophyll concentration, total total 
anti-oxidant capacity, and myrosinase activity in different organs of 
mature plants of Chinese flowering cabbage  
Myrosinase activity has been detected in all glucosinolate containing 
plants and tissues that have been investigated and it is especially abundant in 
Brassica vegetables. Almost all parts of Brassica vegetable of various ages may 
have been developed for food. However, there have been few reports with a 
systematic analysis of the variation in myrosinase activity in plants at different 
developmental stages and organs. In this part of the project, the effects of plant 
age and plant organ on the variations of chlorophyll concentration, antioxidant 
capacity and myrosinase activity in the plant of Chinese flowering cabbage 
cultivated in small pots were investigated. Seeds of Chinese flowering cabbage 
were grown in the small pots, watered with full-strength Hoagland solution 
every three days. Germination of seeds started from the 5th day after sowing. By 
the 10th day after sowing, the leaves, stems and petioles were already formed and 
easily separated. These three parts were collected every five days from the 10th 
until the 25th day after sowing. 
The results obtained showed that Chinese flowering cabbage cultivated in 
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small pots with a commercial peat-based growth substrate grew much better than 
those grown in GA7™ containers. The results obtained showed that chlorophyll 
concentration, total anti-oxidant capacity and myrosinase activity were highly 
different in the different organs but did not have much correlation with the 
developmental stage of mature Chinese flowering cabbage.  
 
5.5.1. Chlorophyll concentration 
Both total chlorophyll concentration and total carotenoid concentration 
were much higher in leaves than that of stems and petioles of Chinese flowering 
cabbage. These might be the result of the different functions of plant organs. As 
mentioned earlier, the leaf of a plant serves two basic functions, one is 
photosynthesis and the other is cellular respiration. The stem of the plant 
provides support for the plant and transportation between roots and leaves. The 
petioles of the plant are the generally non-leafy part of the leaf that attaches the 
leaf blade to the stem. Since leaves are better oriented for light capture and have 
higher coefficients of light absorption than stems and petioles (Nilsen, 1992), 
they would contain higher chlorophyll concentration for increased and better 
absorption of light for photosynthesis. 
From the present study, it seemed that plant age did not affect chlorophyll 
parameters. Total chlorophyll concentration in the stems and petioles remained 
almost unchanged during the whole period of growth. No obvious correlation 
was observed between the ratio of total chlorophyll to total carotanoid and the 
duration of growth days or the different parts of Chinese flowering cabbage. 
Also, no obvious correlation between chlorophyll a to b ratio and the different 
 139
parts of Chinese flowering cabbage was observed. However, in the study of 
Hikosaka (1996), chlorophyll a to b ratios decreased slightly with leaf age in 
Ipomoea tricolor.  
 
5.5.2. Total antioxidant capacity  
The results obtained showed that the total antioxidant capacity varied 
among different organs and with plant age in Chinese flowering cabbage. Leaves 
had the highest antioxidant capacity while stems had the lowest total antioxidant 
capacity during the growth period. High antioxidant activity was also found in 
the leaves of barley, Prunus, and Eucalytus (Osawa, 1994). However Nilsson et 
al (2005) found that there were no variations in total antioxidant capacities 
between the various parts of the plants. 
In leaves, stems and petioles in the plants of Chinese flowering cabbage, 
the highest total antioxidant capacities was observed on the 20th day after sowing. 
After that, total antioxidant capacity declined. The results obtained showed that 
total antioxidant capacity of Chinese flowering cabbage might be influenced by 
plant age. Wu et al. (2004) also suggested that a number of factors including 
environmental, genetics, and all of those that are included in times of sampling 
as well as processing impact the levels of antioxidants present in fruits and 
vegetables. These differences need to be considered in developing a database of 





5.5.3. Myrosinase activity  
The results obtained showed that total activity and specific activity of 
myrosinase were highly dependent on plant age and plant organ in the Chinese 
flowering cabbage.  
The present study showed that in the mature Chinese flowering cabbage, 
leaves exhibited much higher total myrosinase activity than stems and petioles in 
both total activity and specific activity. Leaves also had highest total soluble 
protein concentration. Total myrosinase activities in stems and petioles were 
similar to each other. However stems had the highest specific activities of 
myrosinase and leaves had the lowest specific activity. Both total and specific 
myrosinase activities started to decline from the 10th day after sowing in all three 
organs of the Chinese flowering cabbage, possibly suggested that myrosinase 
activity declined along with the increased age of Chinese flowering cabbage. 
These results obtained were in agreement with that of Springett and 
Adams (1989). They investigated the distribution of myrosinase in Brussels 
sprouts. Total myrosinase activity was 4-5 times higher in the outer leaves of the 
Brussel sprouts than in other regions (stalk, inner leaves and centre). However 
Bones showed that roots of fully grown plants had the highest myrosinase 
activity than other organs of mature plants in B. napus. (Bones, 1990). The 
reported myrosinase activity in different tissues varied, but all tested 
organs/tissues contained some myrosinase activity and that myrosinase activity 
and total soluble protein concentration would vary along with the developmental 
stages of Brassica vegetables. 
There have been few reports with a systematic analysis of the variation in 
myrosinase activity in plants at different developmental stages and organs. 
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Bones (1990) examined the myrosinase activity at different deveolopmental 
stages and in different parts of plant in a full life cycle in B. napus. The results 
obtained by Bones (1990) showed that hypocotyls contained the highest specific 
myrosinase activity of the seedling organs of B. napus. The specific activity in 
hypocotyls was always more than twice the activity in cotyledons and normally 
several times the activity in seedling roots of B. napus (Bones, 1990). In a study 
of the myrosinase expression in S. alba, Xue et al. (1993) detected myrosinase 
mRNAs in cotyledons, hypocotyl, roots and leaves of 6, 8 and 14 day old 
seedlings of A. thaliana. Highest levels of myrosinase mRNA accumulation 
were observed for hypocotyls at 6 and 8 day after germination, and in leaves 14 
days after germination of A. thaliana. (Xue et al., 1995). 
Not only are the activity of myrosinase enzymes influenced by the 
developmental stage of the plant, but also by other factors, such as wounding 
(Taipalensuu et al., 1997a & b) and sulfur deficiency conditions (Bones et al., 
1994). Differences among the different studies may be also due to the use of 
different cultivars, cultivation practices, climatic conditions and laboratory 
(extraction, purification and measurement) techniques. The influence of these 
factors on myrosinase activity in Brassica species might affect the potential 
benefits of the glucosinolates-myrosinase system. 
 
5.6. Drought effects on chlorophyll concentration, chlorophyll fluorescence 
parameters, total anti-oxidant capacity, and myrosinase activity in the 
leaves of Chinese flowering cabbage 
Drought, which is caused by insufficient soil moisture, is among the chief 
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causes of poor growth or poor health in plants. It is responsible for slow growth 
and, in severe cases, dieback of stems (Richards & Thurling, 1978a&b). It also 
makes plants more susceptible to disease and less tolerant of insect feeding 
(Richards & Thurling, 1978a & b). Deficiency of water also disrupts the normal 
bilayer structure of membranes and results in membranes becoming 
exceptionally porous when desiccated (Lauriano et al., 2000). Stress within the 
lipid bilayer may also result in displacement of membrane proteins and this 
contributes to loss of membrane integrity, selectivity, disruption of cellular 
compartmentalization and a loss of activity of enzymes, which are primarily 
membrane based (Lauriano et al., 2000). In addition to membrane damage, 
cytosolic and organelle proteins may exhibit reduced activity or may even 
undergo complete denaturation when dehydrated (Lauriano et al., 2000). The 
high concentration of cellular electrolytes due to the dehydration of protoplasm 
may also cause disruption of cellular metabolism (Lauriano et al., 2000). Plant 
responses to water scarcity are complex, involving adaptive changes and/or 
deleterious effects (Lauriano et al., 2000). 
In the present study, physiological responses of Chinese flowering 
cabbage to drought, especially the myrosinase activity, were investigated. 
Results obtained showed that myrosinase activity (both total and specific activity) 
was significantly affected by drought stress. It decreased rapidly when the plants 
suffered from severe drought treatment. However, the results obtained showed 





5.6.1. Drought effect on chlorophyll concentrations 
The results obtained showed that total concentration of chlorophylls 
decreased under drought stress in Chinese flowering cabbage. Chlorophyll loss 
is a negative consequence of stress; on the other hand, it has also been 
considered as an adaptive feature in plants grown under extreme climatic 
conditions, when exposed to an excess of excitation energy (Kyparissis et al., 
1995; Maslova & Popova 1993; Munné-Bosch & Alegre, 1999). Chlorophyll 
loss reduces the amount of light intercepted by leaves and at the same time 
reduces the possibility of further damage to the photosynthetic machinery by the 
formation of activated oxygen under high light. 
The ratio of chlorophyll a to chlorophyll b slightly decreased along with 
the severy of drought stress in the vegetables, indicating that chlorophyll a and b 
levels were not equally sensitive to drought stress. Muthuchelian et al. (1997) 
showed that the level of chlorophyll a in seedlings of Erythrina variegate L. 
significantly reduced (by 60%) under drought stress and it decreased faster than 
that of chlorophyll b (by 44%), leading to the reduction in chlorophyll a to b 
ratio (from 2.88 to 2.05). It was also reported that significant reductions by about 
80% in both chlorophyll a and chlorophyll b levels were observed in Nicotiana 
tabacum plant exposed to high light combined with water stress, leading to the 
stress-induced photoinhibition and destruction of photosynthetic pigments 
(Verhoeven et al., 2001). 
The present results obtained also showed a decline in total carotenoid 
concentration under drought stress in Chinese flowering cabbage. This was in 
agreement with the results of Al-Hamdani & Barger (1994), who also reported 
the decreases in carotenoid concentration in three Sorghum genotypes under 
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drought. 
It was observed that the ratio of total chlorophylls to total carotanoids 
slightly increased in the vegetables with drought treatment. This was led by the 
more rapid decrease of total carotanoid concentration than that of total 
chlorophyll concentration along with the severities of drought stress in Chinese 
flowering cabbage.  
 
5.6.2. Drought effect on chlorophyll fluorescence 
No significant variation in the Fv/Fm ratio was found, suggesting that the 
efficiency of the quantum yield of PSII was not affected. The unaffected Fv/Fm 
meant that there was possibly no loss in the yield of PSII photochemistry and 
confirmed the resistance of the photosynthetic machinery to water deficit 
(Chaves et al., 2002; Cornic & Fresneau, 2002). 
Other chlorophyll fluorescence parameters obtained did not show 
significant changes under drought in the present results. The results obtained 
suggested that although dehydration was severe, the inhibition of the electron 
transport between QA and QB was not greatly inhibited under these conditions of 
drought stress (Levitt, 1980). The imposition of severe drought stress caused 
rapid dehydration but PSII retained its efficiency. These results suggested that 
PSII was weakly affected by the imposed drought stress in the Chinese 





5.6.3. Drought effect on anti-oxidant capacity 
In the present study, total anti-oxidant capacity increased with increased 
number of drought days in the Chinese flowering cabbage. 
Most physiological stresses lead to disturbance in plant metabolism and 
cause oxidative injuries by enhancing the production of reactive oxygen species 
(Alexieva et al., 2001). On the other hand, plant resistance to stress factors is 
associated with their antioxidant capacity, and the increased levels of the 
antioxidant constituents may prevent stress damage (Monk et al., 1989). 
Additionally, Beggs et al. (1986) proposed that when plant growth was restricted 
by some stress factor, other repair mechanisms such as photoreactivation, 
quenching and free radical scavenging could be activated in order to alleviate the 
stress and prevent the damage before it could become lethal. In this study, an 
increase in total antioxidant capacity was observed in the leaves of Chinese 
flowering cabbage subjected to drought stress, which was in agreement with the 
above proposal of Beggs et al. (1986). 
 
5.6.4. Drought effect on myrosinase activity 
Myrosinase activity was known to be affected by environment factors. For 
instant, in the study by Charron et al (2005a & b), total myrosinase activity 
showed a negative linear relationship with temperature, and a positive linear but 
negative quadratic relationship with PPFD. Specific activity of myrosinase 
showed a positive linear and a negative quadratic relationship with both 
temperature and PPFD in the Brassica vegetables studied, including broccoli, 
Brussels sprouts, cabbage cauliflower and kale. Therefore the influence of 
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environment factors on myrosinase activity in Brassica species may affect the 
potential benefits of the glucosinolate-myrosinase system.  
Although is is known that environment factors could affect myrosinase 
activity, there are no reports that describe how drought treatment during plant 
growth affect myrosinase activity. In the present study, during the four days of 
drought, both the total myrosianse activity and the specific activity of 
myrosinase decreased rapidly in the leaves of Chinese flowering cabbage. The 
fact that drought stress decreased myrosinase activity could be due to a few 
reasons.  
First, it was plausible that, in the present study, drought affected plant 
nutrient uptake which might be necessary for myrosinase synthesis or activation 
(Himelrick & McDuffie, 1983). For example, myrosinase activity in buds of S. 
alba plants grown without manganese or sulfate was inhibited compared to 
plants having sufficient access to these nutrients (Visvalingam et al., 1998).  
Second, drought stress might indirectly influence myrosinase activity by 
regulating the synthesis and accumulation of ascorbic acid. Ascorbic acid could 
regulate myrosinase activity because myrosinase activity is elevated at low 
concentrations of ascorbic acid but suppressed at high concentrations (Bones & 
Slupphaug, 1989). Future work might include the determination of whether 
ascorbic acid amount increases under drought conditions and how this would 
affect mysorinase activity. 
Thus, drought might affect myrosinase activity indirectly either by 




5.7. Total antioxidant capacity and myrosinase activity in the leaves of 16 
different cultivars of Chinese flowering cabbage 
The different total antioxidant capacities and myrosinase activitis tested in 
the leaves of 16 different cultivars of Chinese flowering cabbage clearly showed 
that, even within the same species ( [B. chinensis var. parachinensis (Bailey)]), 
antioxidant capacity and myrosinase activity could be still quite different.  
Although these vegetables were cultivated in the same environment (AVA) 
and were of the same age, their intrinsic factors might determine their different 
myrosinase activities. The substrate specificity of myrosinase isoenzyme should 
be also considered. Different myrosinase isoenzyme in different varieties of 
Chinese flowering cabbage might exhibit different substrate specificity to 
sinigrin, which was used in these experiments.  
In B. oleracea, the level of glucosinolates depends on the genotype 
(Charron et al., 2005a), whereas myrosinase enzymatic activity shows variations 
explained by changes in climate and genotype (Charron et al., 2005b). 
Glucosinolates have been shown to vary among species and cultivars within the 
same species. Evaluation of the total glucosinolate content in cultivars of 
broccoli (Brassica oleracea L. Italica group), Arcadia, Emperor, Green Comet, 
Green Valiant, Marathon, Packman, Premium Crop and Shogun, showed that the 
cultivar Shogun had the highest value with 29.8 mmol g-1 FW, while the cultivar 
Emperor had the lowest amount at 0.5 mmol g-1 FW.  
Despite the different amounts, all the cultivars of Chinese flowering 
cabbages tested in our study had myrosinase activity and anti-oxidant capacity. 
Thus the consumption of Brassica vegetables could provide benefits on people’s 
health. 
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The results obtained showed that, in these 16 cultivars, the cultivar with 
high total anti-oxidant capacity had low total myrosinase activity. The two 
parameters showed high correlation. There were possibly two explanations for 
this high correlation. One was probably that, the main ingredient of the 
antioxidant extracted in these 16 cultivars was ascorbic acid, which could 
regulate myrosinase activity because myrosinase activity is elevated at low 
concentrations of ascorbic acid but suppressed at high concentrations (Bones & 
Slupphaug, 1989). The other was probably that, the cultivars which had high 
total antioxidant capacity would be more vulnerable by pathogen because of the 
low myrosinase activity. The results obtained by Young et al. (2005) indicated 
that, the organic system provided an increased opportunity for insect attack, 
resulting in a higher level of total phenolic agents (with high antioxidant 



















CHAPTER VI. GENERAL CONCLUSIONS 
──────────────────────────────── 
 
In this project, the potential of some intrinsic and extrinsic factors for 
controlling/altering activity of myrosinase from Brassica vegetables was 
investigated. The effects of these factors on chlorophyll concentration and total 
anti-oxidant capacity in Brassica vegetables were also studied. 
With sinigrin as the substrate, the optimum total and specific activities of 
myrosinase from the leaves of Chinese kale. These results obtained were in 
agreement with some previous studies, which showed that myrosinase is rather 
thermolabile, as compared to other food quality related enzymes such as 
polyphenol oxidase and peroxidase. 
The amount of myrosinase activity, together with chlorophyll 
concentration and chlorophyll fluorescence parameters, total antioxidant 
capacity and total soluble protein concentration, found in leaves from cultivars 
of six commonly edible Brassica vegetable has been examined. Total 
myrosinase activity was high in both Chinese kale and broccoli while specific 
myrosinase activity in the leaf tissues of the six vegetables studied was highest 
in Chinese white cabbage and lowest in Chinese flowering cabbages.  
Post harvest storage at cooler temperatures could efficiently delay the 
symptoms of senescence (in terms of chlorophyll concentration, total antioxidant 
capacity and myrosinase activity) in both Chinese flowering cabbage and 
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Chinese kale. The results obtained also indicated that myrosinase activity might 
be also used as an important indicator of the freshness of the vegetables, which 
was more reliable than the physical properties of vegetables in terms of 
nutritional value. 
Nitrogen concentration in the fertilizer did not affect the phytochemical 
properties (chlorophyll concentration, total anti-oxidant capacity or myrosinase 
activity) of Chinese flowering cabbage seedlings. However, these phytochemical 
properties were affected by plant organ. 
Phytochemical properties were highly dependent on the different organs 
but did not have much correlation with the developmental stage of mature 
Chinese flowering cabbage.   
Drought stress had different effects on the phytochemical properties of 
Brassica vegetables. Lossing chlorophylls and carotenoids was the negative 
consequence of drought stress; PSII was weakly affected by the imposed 
drought stress in the Brassica vegetables in this study; Total antioxidant capacity 
increased with increased severity of drought. Myrosianse activity decreased 
rapidly in the leaves of Chinese flowering cabbage under drought treatment. 
Drought might affect myrosinase activity indirectly by regulating plant nutrient 
uptake or synthesis and accumulation of ascorbic acid.  
The differences in total antioxidant capacity and myrosinase activitys in 
the leaves among 16 different cultivars of Chinese flowering cabbage clearly 
showed that, even within the same species, total antioxidant capacity and 
myrosinase activity could be still quite different.  
In these 16 cultivars, the cultivar with high total anti-oxidant capacity had 
low total myrosinase activity. The two parameters showed high correlation. One 
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reason for this high correlation was probably that, the main ingredient of the 
antioxidant extracted in these 16 cultivars was ascorbic acid, which could 
regulate myrosinase activity. On the other hand, the cultivars which had high 
total antioxidant capacity would be more vulnerable by pathogen because of the 
low myrosinase activity. 
Data and analysis obtained in our study provide extensive profile of 
myrosinase and other phytochemical properties of Asian Brassica vegetables 
and help consumers and researchers understand the properties of myrosinase in 
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